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The Veil Nebula N.G.C. 6960 Cygni 
Photographed by J. C. Duncan, 1921 August 3, with the loo-inch Hooker 
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Sir, 

We are told, and, if I remember right, it is also your 
Opinion, that three of the finest sights in Nature, are 
a rising Sun at Sea, a verdant Landskip with a Rain¬ 
bow, and a clear Star-light Evening. 

Thomas Wright, 1750 











PREFACE 


This book is intended to present a general view of the 
science of the stars, and to be suitable for the use of beginning 
classes in Astronomy in colleges and universities. While 
assuming the degree of mental maturity commonly expected 
of college students and occasionally employing the principles 
and methods of Algebra, Geometry, and elementary Trigo¬ 
nometry, it avoids difficult mathematical discussions and 
requires no previous study of science. 

The development of Astronomy in recent years has been 
rapid, and I have endeavored to bring the book up to date 
by including in it accounts of the most important recent 
contributions. Some of these, however, which are of a highly 
abstruse nature or the validity of which has not yet been 
universally accepted, are given but brief mention; examples 
are the theory of relativity and recent hypotheses of cosmic 
evolution. Particular care has been given to the selection of 
illustrations. 

The form of the text has been developed during sixteen 
years of teaching, first at Harvard and Radcliffe Colleges and 
later at Wellesley, the material having been presented in the 
form of illustrated lectures which were supplemented by 
numerous laboratory exercises and evening observations. 
The writing of the manuscript was begun at Wellesley in 
1924, but the greater part was written at the offices of the 
Mount Wilson Observatory from February' to June, 1926, 
during a Sabbatical leave granted me by the Trustees of 
Wellesley College, 

In the preparation of the book, I have received assistance 
from many sources. For the older, long-established facts of 
Astronomy I have made free use of existing texts, particularly 
those of Young and Moulton, wdiile in the discussion of more 
recent work I have had the help of many friends. Director 
W, S. Adams of the Mount Wilson Observatory read all of 
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the manuscript except Chapters n and 12 and made many 
helpful suggestions, particularly on the chapters relating to 
the Sun and the stars. Astronomers J. A. Anderson, E. P. 
Hubble, A. H. Joy, P, W. Merrill, S. B. Nicholson, C. E. 
St. John, and G. Stromberg of the Mount Wilson Observatory, 
R. H. Curtiss of Detroit Observatory, and C. 0 . Lampland 
of Lowell Observatory read parts of the manuscript dealing 
with subjects in which they were particularly interested, and 
gave me the benefit of their expert knowledge. The Detroit, 
Harvard, Lick, Lowell, Mount Wilson, Sproul, Van Vleck, 
and \ erkes observatories contributed photographic illustra¬ 
tions. Dr. E. G. Martin, Professor of Physiology in Stanford 
mversity, author of text books, made valuable suggestions 
°n. the i form of the manuscript. In the preparation of the 
printer s copy and in reading the proof I have had the assist¬ 
ance of my Wife, Katharine B. Duncan, and of my daughter 
Eunice. The compilation of the Index was mainly the work 
of Mrs. Duncan. Professor Leah B. Allen of Wellesley College 
was at considerable pains to send material to me from Wellesley 
to Pasadena. Misses Margaret Holbrook and Helen Mitchell 
Assistants in Astronomy at Wellesley College, contributed 
Figure 106 and Plate 5.2 respectively. The star maps were 
u rm shed by the Eastern Science Supply Company of Boston. 

- lost of the line drawings which appear in the text were made 
under my direction by Mr. E. R. Hoge of Pasadena. 

I am greatly indebted to Directors Hale and Adams of the 
Mount Wilson Observatory for the privilege which I have 
enjoyed during several years, both as a regular member of 
their stafF and as a visitor, of using the unrivalled equipment 
of 1 leir Observatory in making many of the celestial photo- 
graphs which are here reproduced as illustrations, 

r> , ^ . John C. Duncan 

Pasadena, California 

August, 1926 
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ASTRONOMY 


INTRODUCTION 

Astronomy is the science of the heavenly bodies. Literally, 
the word (aarpav, star, vipav, arrange) means mapping, clas¬ 
sifying, or describing the stars. 

*v 

From an:ilogy with such words as Geology, Psychology, and Zoology, it 
might be expected that the science of the stars would be called Astrology 
(aorpov, beyttp, speaking about stars), and in fact this word was so used 
centuries ago; but astrologers wandered from the paths of reality into the 
realms of fancy and superstition, and the name astrology is now applied, 
not to any science, but to fortune-telling by the stars. 

The Heavenly Bodies are: 

1. The Stars, which appear to us as tiny glittering points 
in the night sky, and which are really vast globes of intensely 
heated gas shining by their own light. They are the most 
numerous of visible heavenly bodies. They are so far away 
that their relative motions do not become appreciable to the 
eye in centuries, and so they are sometimes referred to as 

the fixed stars, 11 

2. The Sun, one of the stars but much nearer than any 
other ; the source of light, heat, and life upon the Earth. 

3. The Planets, which look like stars to the unaided eye, 
but may be distinguished by the fact that their position among 
the stars may be seen to change in the course of a few nights. 
In reality, the planets are opaque spheres which shine by 
reflected 'sunlight and revolve in nearly circular orbits around 
the Sun, The Earth itself is a planet, and as such forms a 
part of the domain of Astronomy. The names of the principal 
planets, in the order of distance from the Sun, are: Mercury, 
Venus, Earth, Mars, Jupiter, Saturn, Uranus, and Neptune. 

1 
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4. Satellites, bodies resembling small planets, but revolving 
around planets instead of around the Sun. 

5. The Moon, the satellite of the Earth and the nearest of 
the heavenly bodies. 

6. Comets, flimsy bodies, some of great size, which revolve 
around the Sun in elliptic or parabolic orbits. The biightest 
comets are spectacular objects with long trains or tails that 
extend over a large part of the sky. 

7. Meteors, tiny solid objects which fly through space 
around the Sun like the comets, but which are so small that 
they cannot be seen until they encounter the Earth and become 
entangled in its atmosphere, when the heat generated by the 
stoppage of their swift motion makes them luminous. 

8. Nebulae, vast aggregations of matter at distances com¬ 
parable to those of the stars, but so large as to have percep¬ 
tible size and shape instead of appearing, like the stars, as mere 
points. The nebula; are all faint, only a few of the many 
thousand known being visible to the unaided eye. 

The Sun, planets, satellites, comets, and meteors comprise 
the solar system, which, vast though it is, forms but a speck 
in the universe of stars and nebulte. 

The Constellations. — In contemplating the stars, which at 
first glance seem sprinkled at random over the sky, it is natural 
to group them into geometric figures—triang'es, squares, and 
winding rows; and the imagination can easily people the sky 
w-ith more elaborate forms. Star-groups to which definite 
names have been given are called constellations. Forty-eight 
were named by the ancients, mostly in prehistoric times, and 
mostly for objects or heroes of mythology. Since a.d. 1600 
the spaces between these ancient groups, spaces which for the 
most part contain only inconspicuous stars, have also been 
named, bringing the whole number of constellations up to 
eighty-eight. Most of the groups bear little resemblance to 
the objects for which they are named: for example, Pegasus, 
the winged horse, is most easily recognized by a square of four 
stars; Andromeda, the chained maiden, is represented chiefly 
by a nearly straight row of three; and the most conspicuous 
part of Ersa Major, the bear into which Callisto was trans¬ 
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formed, is called in America the Great Dipper and in Europe 
the Wain or the Plow. 

In beginning the study of Astronomy, the student should 
acquaint h'mself as soon as possible w-ith the more important 
constellations then visible, and should add others to his ac¬ 
quaintance as they are brought to view in the progress of the 
year. For this purpose it is well to use larger maps than could 
be printed in the pages of this book; a good Star Atlas, such 
as Norton’s, Schurig’s, or Upton’s wall make the matter easy, 
especially if supplemented by the help of a friend w-ho has 
already made a start. 

For one who lives within the latitudes of the United States it is probably 
easiest to begin with the Great Dipper, since it is conspicuous, always above 
the horizon, and almost universally known. A line drawn through the two 
end stars of the Dipper bowl, which are called The Pointers, and prolonged 
five times the distance between them, passes very near Polaris, the North 
Star. On the opposite side of Polaris from the Dipper is Cassiopeia, which 
has the foi-m of a W. After these groups are located in the sky, it is easy 
to find from the polar map in the atlas the remaining stars of Ursa Major, 
also Ursa Minor, Draco, and Cepheus; and these groups will then serve, 
with the help of the other maps, to identify constellations farther from the 
Pole. 

Designations of Stars. — The most common method of desig¬ 
nating the brighter stars is by a letter of the Greek alphabet 
followed by the genitive form of the Latin name of the star’s 
constellation. This method w r as introduced in a.d. 1601 by 
Bayer, who generally applied the letters, beginning with a, in 
the order of brightness (but there are notable exceptions). If 
the number of stars in a constellation exceeds the. number of 
Greek letters, Roman letters are used. 

The Greek alphabet (small letters) is as follows: 


a 

alpha 

t 

iota 

P 

rho 

0 

beta 

K 

kappa 

IT 

sigma 

y 

gamma 

X 

lambda 

T 

tau 

5 

delta 


mu 

V 

upsilon 

€ 

epsilon 

p 

mi 


phi 

r 

zeta 

£ 

xi 

X 

chi 

V 

eta 

0 

omicron 


psi 

6 

theta 

T 

pi 

01 

omega 


A few stars arc well known by individual names, mostly 
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4 . Satellites, bodies resembling small planets, but revolving 
around planets instead of around the Sun. 

5. The Moon, the satellite of the Earth and the nearest of 
the heavenly bodies. 

6. Comets, flimsy bodies, some of great size, which revolve 
around the Sun in elliptic or parabolic orbits. The brightest 
comets are spectacular objects with long trains or tails that 
extend over a large part of the sky. 

7 . Meteors, tiny solid objects which fly through space 
around the Sun like the comets, but which are so small that 
they cannot be seen until they encounter the Earth and become 
entangled in its atmosphere, when the heat generated by the 
stoppage of their swift motion makes them luminous. 

8. Nebulae, vast aggregations of matter at distances com¬ 
parable to those of the stars, but so large as to have percep¬ 
tible size and shape instead of appearing, like the stars, as mere 
points. The nebula* are all faint, only a few of the many 
thousand known being visible to the unaided eye. 

1 he Sun, planets, satellites, comets, and meteors comprise 
the solar system, which, vast though it is, forms but a speck 
in the universe of stars and nebulae. 

The Constellations- — In contemplating the stars, which at 
first glance seem sprinkled at random over the sky, it is natural 
to group them into geometric figures—triang es, squares, and 
winding rows; and the imagination can easily people the sky 
with more elaborate forms. Star-groups to which definite 
names have been given are called constellations. Forty-eight 
were named by the ancients, mostly in prehistoric times, and 
mostly for objects or heroes of mythology. Since a,d. 1600 
the spaces between these ancient groups, spaces which for the 
most part contain only inconspicuous stars, have also been 
named, bringing the whole number of constellations up to 
eighty-eight. Most of the groups bear little resemblance to 
the objects for which they are named: for example, Pegasus, 
the winged horse, is most easily recognized by a square of four 
stars; Andromeda, the chained maiden, is represented chiefly 
by a nearly straight row of three; and the most conspicuous 
part of Lrsa Major, the bear into w'hich. Callisto was trans- 
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formed, is called in America the Great Dipper and in Europe 
the Wain or the Plow. 

In beginning the study of Astronomy, the student should 
acquaint h’mself as soon as possible with the more important 
constellations then visible, and should add others to his ac¬ 
quaintance as they are brought to view in the progress of the 
year. For this purpose it is well to use larger maps than could 
be printed in the pages of this book; a good Star Atlas, such 
as Norton's, Schurig's, or Upton's will make the matter easy, 
especially if supplemented by the help of a friend who has 
already made a start. 

For one who lives within the latitudes of the United States it is probably 
easiest to begin with the Great Dipper, since it is conspicuous, always above 
the horizon, and almost universally known. A line drawn through the two 
end stars of the Dipper bowl, which are called The Pointers, and prolonged 
five times the distance l^etween them, passes very near Polaris, the North 
Star. On the opposite side of Polaris from the Dipper is Cassiopeia, which 
has the form of a W. After these groups are located in the sky, it is easy 
to find from the polar map in the atlas the remaining stars of Ursa Major, 
also Ursa Minor, Draco, and Cepheus; and these groups will then serve, 
with the help of the other maps, to identify constellations farther from the 
Pole. 


Designations of Stars. —The most common method of desig¬ 
nating the brighter stars is by a letter of the Greek alphabet 
followed by the genitive form of the Latin name of the star's 
constellation. This method was introduced in a.d* 1601 by 
Bayer, who generally applied the letters, beginning with a, in 
the order of brightness (but there are notable exceptions). If 
the number of stars in a constellation exceeds the number of 
Greek letters, Roman letters are used. 


The Greek alphabet (small letters) is as follows : 


a alpha 
0 beta 
y gamma 
& delta 
« epsilon 
r zeta 
ij eta 
9 theta 


1 iota 
k kappa 
X lambda 
m mu 
v nu 
* “ 

a omieron. 

r pi 


p rho 
a sigma 
t tau 
u upsilon 
<P phi 
x chi 
f psi 
omega 


A few stars are well known by individual names, mostly 
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Latin words such as Polaris (a Ursa; Minoris), Pollux (0 Gemi- 
norum), Spica (a Virginis), and Bcllatrix (y Orionis); or words 
taken from the Arabic, as Algenib (y Pegasi), Dcneb Kaitos 
(P Ccti), and Mizar (f Ursac Majoris). 

Most of the Arabic words arc corrupted, perhaps the worst example tseing 
Betelgeuse (a Ononis), a corruption of Ibt al Jauza. meaning Armpit of the 
(mint. As authont.es clifTer greatly on both the spelling and the pronunciation 
of this name, it would seem letter to use the three words which more nearly 
reproduce the original. J 

For a few faint naked-eye stars which were not given letters 
in the Bayer system, numbers are used. These were assigned 
by Flamsteed in the seventeenth century in the order of the 
right ascension (page 19) of the star within its constellation. 

For the vast numbers of telescopic stars, to which no desig¬ 
nation has been assigned in any of the above systems, it is 
customary to give the star’s number in some well-known star 
catalogue (page 292), or, if it is not listed in a catalogue, to 
give its right ascension and declination at a designated epoch. 

Star “Magnitudes.”— The brightness of a star is denoted by 
a number known as its magnitude. This system has come 
down from Ptolemy, who, about a.d. 150, classified the 
brightest twenty stars as of the first magnitude, those just 
visible to the naked eye as of the sixth, and those of inter¬ 
mediate brightness by intermediate numbers which increase as 
the brightness grows less. The system has been greatly ex¬ 
tended in modem times and is discussed in Chapter XIII, 
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CHAPTER I 


THE CELESTIAL SPHERE 

The Celestial Sphere. —When we look upward from some 
point where the view is unobstructed by roofs or trees, we 
seem to see what we call the sky, which is like a great hollow 
sphere with the observer at the center. The space between 
the heavenly bodies is really empty and the light of the sky 
is due to the air within less than a hundred miles of the Earth, 
which reflects to our eyes a little of the light of the Sun and 
stars, the blue more copiously than 
the other colors; and yet this ce¬ 
lestial sphere seems so real and of 
so firm a construction that it is 
sometimes called the firmament. If 
we attempt to reach the sky or to 
find out how far away it is, its 
distance turns out to be greater 
than that of any of the heavenly 
bodies, prodigious as these distan¬ 
ces are. For convenience in describ- 

,, , r , , Fig, Apparent Position of 

mg the apparent positions of the A Heavenly Body 

stars, astronomers speak of the cel¬ 
estial sphere as if it really existed, and conceive of it as having 
mathematically infinite dimensions, in comparison with which 
the observer and the whole Earth shrink to a mere point located 
at the center of the sphere. 

Apparent Position of a Heavenly Body. —The distances of 
the stars, the planets, and even the Moon are so great that 
they cannot be determined except by delicate and indirect 
measurements, and so, to alt ordinary appearances, these dis¬ 
tances are also infinite and the heavenly bodies appear as if 
set in the surface of the celestial sphere itself. Two bodies 

s 
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that are in reality separated by a vast space, as the star S 
and the planet P (Pig. i), will, if nearly in the same direction 
from the observer 0 , appear dose together, since S seems 
attached to the celestial sphere at S' and Pat P'. The apparen t 
position of a heavenly body is described by locating its pro¬ 
jection upon the celestial sphere, and so only its direction from 
the observer is taken into account, its distance from him being 
disregarded. 

Apparent, or Angular, Distance.— Distances laid out upon 
the surface of the infinite celestial sphere, for example the ap¬ 
parent separation P'S' of two heavenly bodies, can evidently 
not be expressed in such units as feet, miles, or kilometers, 
and such statements as that two stars “look to be about a 
foot apart” are without meaning unless the distance of the 
foot rule from the observer is specified. A foot rule would 
cover the space between the two Pointers of the Big Dipper 
if held about twelve feet from the eye; but if brought within 
four feet, it would appear larger and could cover a side of the 
Square of Pegasus. The apparent distance of P from S can 
in fact be definitely stated only as the difference of direction 
between the two objects as seen from O —that is, the angle 
POS or its equivalent arc P'S'. 

The arc P'S' is a portion of a circle whose center is O, the 
center of the sphere. Such a circle is called a great circle, 
since no larger circle can be drawn upon the surface of the 
sphere, although any number of smaller circles can be drawn 
parallel to it. A great circle divides the sphere into halves 
and lies in a plane that passes through the center. Apparent 
distances on the celestial sphere are always specified as arcs 
of great circles. 

Units of Angular Measurement.— The most familiar unit of 
arc or of angular distance is the degree, the 360th part of a 
circumference or 1/90 of a right angle. It was chosen many 
centuries ago because it represents very nearly the apparent 
daily motion of the Sun among the stars. It is divided into 
sixty equal parts called minutes, and these into sixty seconds 
each, so that a degree contains 3,600 seconds. A side of the 
Square of Pegasus is about fifteen degrees long, the Pointers 
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are about five degrees apart, and the diameters of the Sun and 
Moon are each about thirty minutes. The smallest angular 
distance that can easily be perceived by the unaided eye is 
about which is the distance between the principal 

components of the multiple star e Lyras. Two stars that are 
only a second apart require a fairly good telescope to show 
them separately, and yet the results of modern astronomical 
measurements are reliable to the hundredth of a second—the 
angle subtended by the diameter of a ten-cent piece at a dis¬ 
tance of about two hundred miles. 

Certain angular distances in the sky are conveniently meas¬ 
ured by the angle through which the Earth rotates in a given 
time. These are often expressed in hours, minutes, and sec¬ 
onds, the hour being one twenty-fourth of a circumference, or 
fifteen degrees. The subdivisions of the hour 
are called minutes and seconds of time and 
must be carefully distinguished from those 
of the degree, which are only one-fifteenth as 
long and are called minutes and seconds of 
arc. The units of the “time” system are 
abbreviated by h , m , a , while those of the 
“arc” system are written ', ". Thus, 22° 

18' 44'.'25 designates the same angular dis¬ 
tance as i h 29 10 14*95. 

A third unit of angular measurement, very useful in com¬ 
putations, is called a radian, and is defined as the angle sub¬ 
tended at the center of any circle by an arc equal in length 
to the radius. In Fig. 2 the arc AB is laid off so that, meas¬ 
ured along the curve, its length is equal to the radius, R, of the 
circle; hence,' the angle AOB, with vertex at the center of 
the circle and sides extending to the extremities A and B of the 
arc, is a radian. Any other angle BOC is the same frac¬ 
tion of a radian that its arc BC is of AB, or of the radius R, 
because angles are measured by their subtending arcs; hence, 
in general, if we represent by R the radius of any circle and 
by S the length of an arc subtending an angle at its center, 
the value of that angle in radians is S/R. 

There are 2ir arcs of length R in the whole circumference, 



Fig. 2. The Ra¬ 
dian. 
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and hence 360° = 2ir radians. The value of a radian is there¬ 
fore 360/ 2 it degrees, and we may easily obtain 

1 radian = 57?^ 

1 radian = 3,438', 

1 radian = 206,265". 

These relations are so important that they should be memo¬ 
rized. An example of their usefulness is found in the solution 
of slender triangles without the use of trigonometric tables. 



Hg. 3 Solution of a Slender Triangle 


Suppose the side OM (Fig. 3) of the triangle OMN is known 
to be D miles and the angle at O, x seconds of arc; and that 
the length of the side MN is desired. If S represents the length 
of the arc MP, drawn with radius D and with center at O, 
we have quite exactly 


S * 

— = MON in radians = — —- 
u 206,265 


Rut since the arc MP is short and its curvature slight, its 
length is very nearly equal to that of the straight line MN 
and also to that of the straight line PO; hence, very approxi- 
mately, 


or 


MN = PQ = _ x_ 

D J) 206,265 


MN - PQ 


Dx 

206,265 


Thus, the apparent angular diameter, x, of Mars is 24" when 
Mars is at a distance of 36,354,000 miles; hence, its real 
diameter in miles is 


2 4 X 36,354,000 

-- — = 4 r ^ 3 O- 


206,265 
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The error involved is that of putting the value of an angle in radians 



equal to that of its tangent or its sine For angles less than 

6', it Is no greater than that of using 6-place logarithmic tables, and even 
for angles as great as 50' the error is no greater than that of using 4-place 
tables. 


Practical Measurement of Angular Distance,—The actual 
measurement of apparent distances in the sky depends upon 
two principles — the physical principle that a ray of light in free 
space is straight and the geometric principle that the arcs of 
concentric circles included be¬ 
tween two straight lines that 
meet at their common center 
have each the same value in 
degrees or other angular units 
as the angle between the lines. 

One of the earliest of astronomic Fig. 4. Principle op the Astro- 
instruments, the astrolabe, 

which was used by the ancient Greek astronomers and for many 
centuries after them, consists in its simplest form of a circular 

plate, graduated to degrees 
around its circumference and 
having a movable pointer, 
called the alidade, pivoted 
at its center. To measure 
the angular distance between 
the stars A and B (Fig. 4) 
the circular plate is held in 
the plane of the observer and 
the two stars, and the po¬ 
sition of the alidade is read 
upon the graduated circle, first when the alidade is pointed 
to A and again when it is pointed to B. The difference of the 
readings is the desired angular distance; for the center of the 
astrolabe, being on the Earth which is a mere point in com¬ 
parison with the celestial sphere, is also the center of the 
sphere; and so the angle A 0 B } between the straight rays of 
light from the two stars, is measured by the arc ab between 



Fig. 5. Principle of the Cross¬ 
staff 
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the two settings of the alidade, and this is equal to the arc 
A'B' oi the great circle of the celestial sphere included between 
the apparent places of the two stars. 

A second type of instrument, called the cross-staff, was also 
used by early astronomers and navigators. It consists of a 
straight staff of wood, about a meter long, with a cross-piece 
that slides upon it and is used as illustrated in Fig. 5, The 
end of the staff is placed near the eye and the cross-piece is 
adjusted so that it covers the arc in the sky which it is desired 
to measure. The number of degrees in this arc is the same as 
that in the angle formed at the eye by the rays of light that 
just pass the ends of the cross-piece; and this angle increases 
as the cross-piece is brought nearer the eye. Its value in 
degrees is read from a scale engraved on the staff. 

Both the astrolabe and the cross-staff were used by Vasco da Gama and 
by Columbus. Measurements made with them can be relied upon to a 
limit of perhaps a tenth of a degree. The instrument commonly used for 
such measurements by modem navigators, which is accurate to less than a 
minute, is known as a sextant. It will be described in Chapter III (page 75). 

Systems of Co-ordinates. —The position of a point in a plane 
may be completely described by two numbers which give the 
distances of the point from two lines or axes that intersect at 
right angles—a device familiar to every student of Algebra. 
The two numbers are called co-ordinates, the horizontal dis¬ 
tance being an abscissa and the vertical one an ordinate. A 
practical example is found in the method often used for desig¬ 
nating an address in a city, the streets of which intersect at 
right angles. Thus, for a residence at 234 East 116th Street, 
23+ may be regarded as the abscissa and 116 as the ordinate. 

For designating the positions of stars, astronomers conceive 
of the celestial sphere as covered with imaginary circles which 
intersect at right angles like the city streets. They are pre¬ 
cisely analogous to the circles used for indicating the latitude 
and longitude of places on the Earth, which appear on all 
geographic maps. Four such systems of co-ordinates are in 
common use in Astronomy; they are known as the horizon, 
equator, ecliptic, and galactic systems. 

Each system consists of a fundamental circle, which is a 
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great circle of the sphere and for which the system is named; 
the poles of this great circle, which are the points of the sphere 
po 0 from it; a set of secondary great circles, indefinite in 
number, which pass through the poles and cut the fundamental 
circle at right angles; and a set of parallels, small circles 
parallel to the fundamental circle. A point on the fundamental 
circle is chosen as origin and one co-ordinate of a star is counted 
from this point along the fundamental circle, while the other 
co-ordinate is measured along a secondary from the fundamental 
circle to the star. In the familiar geographic system the poles 
are the points where the Earth’s axis intersects the surface of 
the Earth; the fundamental circle is the Earth’s equator; the 
secondaries are the meridians,' which are cut at right angles by 
the parallels of latitude; the origin is the point where the 
meridian of Greenwich intersects the equator; and the co-ordi¬ 
nates of a place are its latitude and longitude. 

The Horizon System. — The fundamental circle in the horizon 
system of co-ordinates is the horizon and its poles are the 
zenith and nadir. Their position is determined by the direc¬ 
tion of gravity. 

Suppose a weight is suspended by a string and allowed to 
come to rest. The string will take the direction of gravity, 
and if prolonged indefinitely upward will meet the celestial 
sphere at the zenith. The zenith is therefore defined as the 
point where the direction of gravity produced upward meets 
the celestial sphere. 

The nadir is the point of the celestial sphere exactly opposite 
the zenith. 

The true horizon is the great circle midway between the 
zenith and nadir, 90 0 from each. It may also be defined as the 
great circle along which a level plane meets the celestial sphere, 
d he term horizon is loosely applied to the line where the sky 
seems to meet the surface of the Earth; this may properly be 
distinguished as the visible or apparent horizon. It is irregu¬ 
lar in shape on land, and at sea it is a small circle lying below the 
true horizon. 

Vertical Circles are the secondaries of the system and are 

1 The meridians, however, arc not circles, but nearly ellipses* 
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defined as great circles passing tluough the zenith or at right 
angles to the horizon. The vertical circle that extends north 
and south is called the meridian, since it is the trace on the 
celestial sphere of the plane of the observer’s geographic merid¬ 
ian; a more precise definition will be given later (page 18). 
The vertical circle that extends east and west is called the 
prime vertical. 

Almucantars are small circles parallel to the horizon, 
i he co-ordinates of a star in the horizon system are its 
azimuth and altitude. As defined by the astronomer, azimuth 
is the arc of the horizon measured in the clockwise direction 
from the south point to the foot of the star’s vertical circle. 
I he south point of the horizon is thus chosen as the origin; its 

exact definition must be post¬ 
poned a little (page i8), but 
the general idea is already 
familiar to everyone. Sur- 
veyors and navigators often 
prefer to measure azimuth, 
or “bearing,” as they often 
call it, from the north point. 
Azimuth is expressed in de¬ 
grees, and in AsLronomy is 
counted all the way around the horizon— i.e., from o° to 

360°- 

lhe altitude of a star is the arc of a vertical circle included 
between the star and the horizon, and is reckoned in degrees, 
i he complement of the altitude is the zenith distance. 

The base of Fig, 6 represents the horizon, O the observer, 
and Z the zenith. The azimuth of the star A is the arc 5 A' — 
about 35° and its altitude is AX or about 25The azi¬ 
muth of B is reckoned through the west and north around to 
V and is about 250°, while its altitude B Y is about 70 

Practical Measurement of Altitude and Azimuth.—In the 
most common form of the ancient astrolabe, the instrument 
was supported by a ring held in the observer’s hand so that the 
weight of the instrument caused it to hang vertically. The 
graduations of the circle being so arranged that the alidade 



Fig. 6, The Horizon System of 
Co-ordinates 
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read zero when pointing horizontally, its reading when pointed 
to a star gave the star’s altitude— i.e ., the angle which its ray 
made with a horizontal line. 

A more accurate measurement of altitude could be made 
with the quadrant, which was highly developed in the sixteenth 
century by the German Hevelius and the Dane, Tycho Brahe. 
This instrument had the form of a 
ninety -degree circular sector some¬ 
times several feet in radius. It 
was arranged to turn in a vertical 
plane about a pivot at its center, 
from which point was suspended 
a fine plumb-line. Sights resem¬ 
bling modem rifle sights were at¬ 
tached to one edge and the arc was 
graduated to degrees and minutes, 
the zero being 90° from the edge 
that bore the sights. The altitude 
to which the sights were directed 
was read by using the plumb-line as an index on the graduated 
arc. 

Fig. 7, from Regiomontanus’s De Trianguli, 1532, shows the use of a 
small quadrant in measuring the altitude of the Sun for the purpose of cal¬ 
culating the height of a tower. The latter can Ijc obtained from the Sun’s 
altitude together with the length of the tower’s shadow, since the Sun is 
so far away that its rays are sensibly parallel, and its altitude is thus equal 
to the angle at the base of the right triangle formed by the tower and its 
shadow. The height of the tower equals the length of the shadow multi¬ 
plied by the tangent of this angle, and the value of the tangent may be 
found in trigonometric tables when the value of the angle is known. 

At sea, the altitude of a heavenly body is found by measuring 
with a sextant the shortest distance of the body from the 
visible horizon and correcting for the <( dip n (page 52), or 
depression of the visible horizon below the true, which depends 
on the observer's height above the water. 

Altitude and azimuth may be determined from a single 
pointing by means of the altazimuth instrument, of which the 
modern surveyor's transit or theodolite (Fig. 8) is an exam¬ 
ple. It consists of a small telescope mounted on an axis which 
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Fig. 8 . A Surveyor’s 
Transit 


is in turn supported upon a second axis at right angles to the 
first. Each axis bears a graduated circle. The base of the 

instrument is provided with spirit 
levels by means of which the .second 
axis may be made vertical; the circle 
attached to the first axis then reads 
the altitude of the point to which 
the telescope is directed. If the base 
is set with the zero of the horizontal 
circle due south, this circle reads the 
azimuth. 

Geocentric Parallax. —A few of the 
heavenly bodies are so near us that, 
in accurate work, they cannot be re¬ 
garded as infinitely distant; for, 
when seen from dif¬ 
ferent places on the 
Earth, such a body 
is projected to per¬ 
ceptibly different points of the celestial sphere. 

The angular distance between these points, 
which is the difference of direction of the body 
from the two observing stations, is called the 
body’s parallax. In Pig. 9, let O and M be 
the centers of the Earth and Moon, respec¬ 
tively, and let A and B be two observers. The 
position of .4 is here chosen upon the line join¬ 
ing O and M ; hence, A sees the Moon at the 
zenith and in the same direction as if he were 
at the center of the Earth. The point a on 
the celestial sphere, where the Moon’s center 
appears to A, is therefore called the geo¬ 
centric position of the Moon, and the angle 

AMB, or aMb, is the Moon’s geocentric paral¬ 
lax as seen from B. This parallax grows 
greater if the observer recedes from A until he reaches C, where 
the Moon appears upon the horizon. This maximum parallax, 

AMC, is therefore called the Moon's horizontal geocentric 



Pig. 9. Geocen¬ 
tric Parallax 
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parallax. It may be defined as the apparent semi-diameter of 
the Earth as seen from the Moon. 

The geocentric parallax of a body varies with the body's 
altitude from a maximum at the horizon to zero at the zenith, 
being proportional to the cosine of the altitude; also, it is 
greater for a body near the Earth than for a distant body. 
The horizontal parallax of the Moon is about one degree, but 
that of every other body of the Solar System is less than a 
minute of arc, while the geocentric parallaxes of the stars and 
nebulae are far too small to detect. 

The positions of the bodies of the Solar System that are given 
in almanacs are geocentric positions, and so, to be strictly com- 



Fig, 10. Three Positions or Orion (From McKready: A 
Beginner's Star Book) 


parable with them, the observed positions of such bodies must 
be corrected for parallax. When the distance and apparent 
altitude of the body are known, the computation of this cor¬ 
rection is a simple matter. 

The Diurnal Motion, —If the Earth were flat and stationary, 
no other system of co-ordinates than the horizon system would 
be needed for describing the positions of the stars; but since 
the plane of the horizon is tangent to the Earth's surface, the 
motions of the Earth and also any change in the observer's 
geographic position must move his horizon and all its asso¬ 
ciated circles and so change the altitudes and azimuths of the 
heavenly bodies. The rotation of the Earth on its axis, which 
is completed each day, results in an apparent revolution of all 
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the heavenly bodies around the Earth in the same time. This 
apparent revolution 1 is called the diurnal motion. 

One result of the diurnal motion is the most obvious of all 
astronomical phenomena—the rising and setting of the Sun; 
but the manner of this rising and setting is not so obvious. 
At no place except the Equator does the Sun ever rise or set 
vertically, and for no observer outside the Torrid Zone does it 



Fig, ii. Four Positions of tee Dipper (From McKkeady: ' 
A Beginner's Star Book) 


ever reach the zenith. As seen within the latitudes of the 
United States, the Sun follows in the forenoon a path that 
slants upward toward the right, crosses the meridian south 
of the zenith at midday, and descends toward the right in the 
afternoon—moving like the hands of a watch that lies on a 
sloping roof facing the north. Such stars as rise approximately 

1 Throughout this book Lhe word rotation will be used to designate a turning 
or spinning of a body around an axis that passes through the body itself, while 
revolution will mean motion around an external point. 
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in the east follow similar paths, and the constellation Onon, for 
example, may be seen on a December night successively in the 
positions shown in Fig, 10. 

If one faces the north, he sees stars that do not descend 
below the horizon, but follow diurnal circles centered upon a 
point which, in the northern part of the United States, is about 
halfway between the horizon and the zenith. Four successive 
positions occupied by the Great Dipper at intervals of six hours 
are shown in Fig. xi. The stars far in the south, on the 
other hand, are visible but a short time, following diurnal arcs 
that extend but little above the horizon. 



Fig- 12 . This Diurnal Motion (After Todd) 


The nature of the diurnal motion is readily made evident by 
photographing the stars, using a fixed camera and exposing the 
plate an hour or more, so that the star images trail upon the 
plate. The three photographs reproduced in Plates i.i and i.s 
were obtained in this manner, the camera being pointed east, 
west, and north, respectively, in latitude 42“3. 

The diurnal motion is shown diagrammatically in Fig. 12. 
It is as if the whole celestial sphere, with the heavenly bodies 
attached to its inner surface, rotated each day around an axis 
passing north and south and inclined to the plane of the horizon 
—just what the Earth is really doing, but in the opposite direc¬ 
tion. Evidently, the celestial sphere must contain stars that are 
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south of us and that never rise; and this inference is confirmed 
by the observations of people living farther south, to whom 
these stars become visible. The boundary of the portion of 
the celestial sphere containing stars that never rise is called the 
circle of perpetual occultation; that of the region of stars that 
never set, the circle of perpetual apparition. 

The Equator System of Co-ordinates. — The diurnal motion 
both limits the usefulness of the horizon system of co-ordinates 
and affords a basis of another system, the equator system. 
The fundamental circle of this system is the celestial equator 
and its poles are known as the north and south poles of rota¬ 
tion, or often simply the poles. 

The poles of rotation are those points in the sky about which 
the diurnal motion takes place, or, more accurately, those 
points which have no diurnal motion. They may also be 
defined as the points where the Earth’s axis, produced, inter¬ 
sects the celestial sphere. The north pole is the one in the 
constellation of Ursa Minor around which the diurnal motion 
appears counter-clockwise. 

The celestial equator is the great circle of the celestial sphere 
that lies midway between the poles — 90 ° from each. 

Hour circles are great circles that pass through the poles. 
Each hour circle in turn, as the diurnal motion proceeds, passes 
through the zenith, when it coincides with the meridian, which 
therefore is common to the two systems and may be defined 
as the hour circle that passes through the zenith or as the ver¬ 
tical circle that passes through the poles. 

The cardinal points are the north, south, east, and west points of the 
horizon. The north point is that one of the intersections of the ineridian 
with the horizon which is the nearer to the north pole. The cardinal points 
are <;o° apart, the south being opposite the north, and the east being at the 
observer’s right when he faces the north. 

Parallels of declination are circles parallel to the celestial 
equator. 

The declination of a star is the arc of an hour circle included 
between the star and the celestial equator. It is reckoned in 
degrees and is considered + if the star is north of the equator 
and — if south. Declination is often abbreviated by the Greek 
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letter 5. Since the diurnal motion takes place parallel to the 
celestial equator, it does not change the declination of the star 
as it does the altitude and azimuth. 

The hour angle of a star is the arc of the celestial equator 
included between the meridian and the star’s hour circle. It 
is usually measured westward so that it continually increases 
with the time. The rate of increase of hour angle is uniform, 
and in fact can be measured by a clock, and so the hour angle 
is usually expressed in hours. 

It is very desirable to use co-ordinates which, unlike the 
altitude, azimuth, and hour angle, are not changed by the 
diurnal motion. We have seen that the declination is not 



v 

Fig. 13. How to Locate toe Vernal Equinox 

changed, and we may obtain an equally permanent co-ordinate 
to accompany it if, instead of measuring the arc of the equator 
from the meridian, we measure it from a point that is carried 
along by the diurnal motion. The point chosen by astronomers 
for this purpose is called the vernal equinox, and is located on 
the celestial equator in the comparatively starless region just 
south of the Square of Pegasus, as shown in Fig. 13. Its 
exact definition will be given on page 23. 

The right ascension of a star is the arc of the celestial equator 
included between the vernal equinox and the star’s hour circle. 
It is reckoned eastward from the vernal equinox and is usually 
expressed in hours. Its common abbreviation is the Greek 
letter a. 

The Equatorial Telescope.—Most large telescopes are sup¬ 
ported on what is called an equatorial mounting, the principle 
of which may be seen in Plate 1.3, which is a photograph of the 
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great refractor of the Lick Observatory, A massive pier sup¬ 
ports an axis of steel which is placed parallel to the Earth's axis 
and therefore points to the pole of rotation and is called the 
polar axis of the instrument. Attached to this is a steel sleeve 
that holds the declination axis in a direction at right angles 
to that of the polar axis; and the tube of the telescope is fixed 
at right angles to this. Motion of the telescope around the 
declination axis causes it to sweep, along an hour circle, and the 
angle turned through from the equator is the declination of the 
star to which the telescope is directed, which may be read upon 
a graduated circle, called the declination circle, attached to the 
declination axis. Motion around the polar axis is parallel to 
the equator, and the hour angle may be read upon the gradu¬ 
ated circle, called the hour circle (although not corresponding 
to the hour circles in the sky) attached to the polar axis. To 
follow a star in its diurnal motion, the instrument need only he 
turned about the polar axis, the declination setting being kept 
fixed; and, since the motion in hour angle is uniform, the tele¬ 
scope is ordinarily provided with a clock which keeps a driving 
wheel upon the polar axis turning westward at a uniform rate of 
one revolution in twenty-four hours. When the telescope is 
once set on an object the polar axis is clamped to the driving 
wheel, which thus keeps the object in the field of view. 

To set the equatorial telescope on a star, whether the star 
is visible to the unaided eye or not, it is only necessary 1 ' to know 
the star's declination and its hour angle at the moment, and to 
set the circles accordingly. On sonic modem equatorials, a 
second circle is mounted on the polar axis in such a way that 
its zero may be made to correspond with the vernal equinox 
instead of the meridian* So long as the clock is kept running 
correctly, this circle reads the right ascension. 

Sidereal Time. — The period of one rotation of the Earth 
relative to the stars, which is the time interval occupied by one 
complete apparent rotation of the celestial sphere, is called the 
sidereal day. It is about four minutes shorter than the ordi¬ 
nary solar day, and is divided into twenty-four sidereal hours, 
each a little shorter than an ordinary solar hour* Sidereal 
noon occurs at the moment when the venial equinox is on the 


Plate i.i. Photographic Star Trails 





Venus setting 
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meridian, which is at different times of the day or night at 
different times of year. The sidereal time at any moment is 
the hour angle of the vernal equinox, or, what is exactly the 
same thing, the right ascension of the meridian. The sidereal 
time is therefore the interval in sidereal hours, minutes, and 
seconds since sidereal noon. 

The hour angle and right ascension of a star are connected 
very simply with the sidereal time; for, the hour angle being 
measured westward from the meridian and the right ascension 
eastward from the vernal equinox, each to the star’s hour circle, 
their sum is the angular distance between the meridian and 


P 



Fig. 14. Right Ascension, Hour Angle, anij Sidereal Time 

equinox (Fig. 14) — the hour angle of the vernal equinox, or 
the right ascension of the meridian, which we have already 
defined as the sidereal time. This is a relation that is often 
used. In setting an equatorial telescope on a planet, for 
example, the right ascension and declination for the date are 
found in an almanac and the sidereal time is read from an 
astronomical clock. Subtracting the right ascension from the 
sidereal time gives the hour angle, which with the declination 
gives the necessary settings. 

Solar Time. — Sidereal time would be inconvenient for regu¬ 
lating the affairs of life, since its noon occurs at all limes of the 
day and night. Apparent solar time is the hour angle of the 
Sun, which differs from sidereal time by the Sun’s right 
ascension, and is the time indicated by a properly erected sun 
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dial. Many forms of this instrument are known, now valued 
chiefly for ornamental purposes. In each, a gnomon, or straight 
edge, placed parallel to the Earth’s axis, casts its shadow upon 
a dial which is graduated to hours and subdivisions and which 
is placed in such a way as to show the hour angle of the Sun. 
The interval between two successive meridian passages of the 
Sun is called the apparent solar day. Its length is not quite 
the same throughout the year, and so our clocks are regulated 
to mean solar time, which is the hour angle that the Sun would 
have if the solar days were all of their average length. The 
subject of Time is discussed more completely on pages 69 el 
seq. 

The Annual Apparent Motion of the Sun.—In the temperate 
zones, a striking feature of the change of the seasons is the 
difference of the length of day and night in summer and winter. 
In midsummer in the northern hemisphere the Sun rises far to 
the north of the east point, crosses the meridian high in the sky, 
and sets far north of the west point, the part of its diurnal path 
that is above the horizon being much greater than that which is 
below, so that the day is longer than the night. In midwinter, 
it rises and sets far south of the prime vertical, reaching but a 
moderate altitude even at noon, so that the day is shorter than 
the night (Fig. 15). Evidently, the Sun crosses the celestial 
equator twice each year. A study of the constellations through¬ 
out the year shows that the apparent motion of the Sun is 
not directly northward or southward. In late September, for 
example, the constellation Scorpius is low in the southwest 
just after sunset, but by November this group cannot be seen 
and its place in the evening sky is taken by Sagittarius, which 
adjoins it on the east. By January, Sagittarius has disappeared 
and an early observer may see Scorpius rising in the southeast 
just before sunrise. During the four months, in fact, the Sun 
seems to have passed eastward through these constellations, 
and it may be traced in similar fashion until in the following 
September it will be found again at the starting point west of 
Scorpius. Measurements of the Sun’s right ascension and 
declination show accurately the nature of its path on the celes¬ 
tial sphere, and it is found to be a great circle that is inclined to 
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the equator at an angle of 23}^°, in which the Sun moves always 
toward the east, completing the circuit in one year. Of course 
it is now known that this apparent motion is due to the revolu¬ 
tion of the Earth, which, like all the other planets, moves in an 
orbit around the Sun. 

We might represent the celestial sphere by a hollow globe 
with dots on it for the stars. The diurnal motion would be a 
spinning of the globe upon its axis, and the Sun might be 
represented by a trained firefly if it would accommodatingly 



Fig, 15. Diurnal Paths of the Sum in Different Seasons 
(After Toi>d) 


creep around the globe in a direction making an angle of 23 >-2° 
with the equator and opposite the diurnal motion, and at such 
a rate as to complete the circuit in 365 turns of the globe. 
The firefly w'ould then be carried around by the globe, but more 
slowly than the dots of the star map, which it would pass on 
its way. 

The Ecliptic System of Co-ordinates. — The apparent path of 
the Sun among the stars is called the ecliptic, the angle at which 
it intersects the equator (23^°) the obliquity, and the points 
of intersection the equinoxes. The equinox where the Sun 
crosses from south to north of the equator, since it is passed 
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by the Sun in the spring, is called the vernal equinox, and the 
other is the autumnal equinox. Ninety degrees from the 
equinoxes, as measured on the ecliptic, are the summer and 
winter solstices. The hour circles that pass through the equi¬ 
noxes and solstices are known as the equinoctial and solstitial 
colures, respectively. 

The belt of sky i8° wide which has the ecliptic as its central line is called 
the zodiac (circle of animals) l>ccause, from the earliest recorded times, its 
twelve constellations with the exception of Libra, the Balance (which was 
probably formed at a later epoch from the claws of the Scorpion), were 
given the names of living creatures. Within the zodiac arc always to l>e 
found not only the Sun, hut also the Moon and all the principal planets. 
It was divided into twelve parts of 30° each, which were called the signs 
of the zodiac and were named for the twelve zodiacal constellations; and 
the position of a planet was indicated by the sign in which it could be seen 
— a practice still followed by many makers of almanacs. 

Ninety degrees from the ecliptic are the north and south poles 
of the ecliptic, and passing through them are the great circles 
called secondaries to the ecliptic; while small circles parallel 
to the ecliptic are called parallels of latitude. 

The celestial longitude of a star is the arc of the ecliptic, 
measured eastward from the vernal equinox to the secondary 
that passes through the star. The star’s celestial latitude is 
the arc of its secondary between the star and the ecliptic, + if 
the star lies north of the ecliptic and — if south. 

The Galactic System of Co-ordinates. — Every watcher of the 
sky is familiar with the beautiful band of misty light that is 
known as the Milky Way or Galaxy. It is composed of a vast 
number of faint stars and a few nebula; and is of great im¬ 
portance in studies of the distribution of the stars. Its central 
line is approximately a great circle of the celestial sphere which 
makes an angle of 62 ?8 with the celestial equator. This circle is 
called the galactic circle and is the fundamental circle of the 
galactic system of co-ordinates. The north pole of the galaxy 
is in the constellation Coma Berenices, in right ascension 
i2 h 42 m and declination + 27?s, and the opposite pole is in the 
constellation Cetus. Galactic latitude and longitude are 
related to the galactic circle exactly as celestial latitude and 
longitude are related to the ecliptic. The origin from which 
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galactic longitude is reckoned is the intersection of the galactic 
circle with the celestial equator, in a = i8 h 42'“. 

General Remarks on Astronomical Co-ordinates.—The co¬ 
ordinates of the horizon system, altitude and azimuth, may be 
said to depend on the personal outlook of the observer; they 
are based on the direction of gravity, which is very nearly the 
line joining the observer with the center of the Earth. Wher¬ 
ever the observer goes, he takes his zenith and his entire horizon 
system with him. Right ascension and declination depend on 
the direction of the Earth’s rotational axis, and are the same 
for every observer on the Earth, while an observer on another 
planet would doubtless have a different set of equatorial 
co-ordinates depending on the plane of that planet’s rotation. 
Celestial latitude and longitude are also on a terrestrial basis, 
but in this case it is the plane of the Earth’s revolution that is 
the determining factor instead of the plane of its rotation. The 
position of the circles of the galactic system of co-ordinates 
depends on the structure of the visible universe of stars and 
would be the same for an observer on any planet of the Solar 
System or among its neighboring stars. 

Probably the altitude and azimuth of stars are more easily 
estimated by the eye than are any of the other co-ordinates, 
since they are referred to the horizon, the position of which can 
be easily noted; but the co-ordinates of the equator system can 
be measured with greater precision than any of the others, and 
it is usual to obtain the others from them by a'trigonometric 
transformation. 

A better understanding of the different systems of co-ordi¬ 
nates may perhaps be obtained by a study of the comparison 
shown in the following table. 

Star Maps and Celestial Globes.—A star map is a chart that shows the 
relative apparent positions of stars in the sky as an ordinary map shows 
the relative positions of places on the Earth. Like the terrestrial map, it 
represents on a flat surface bodies that lie upon a sphere; and as a result, 
if a large area is shown on a single map, there is considerable distortion. 
For this reason, in the best star atlases only a limited portion of the sky 
is shown in each map. 

As in the terrestrial map, it is customary to represent north at the top; 
but since the star map represents objects seen overhead, the right-hand 
side of the equatorial maps is west instead of east. It must Ire understood 
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Comparison of Systems of Co-ordinates 


System 

Geographic 

Horison 

Equator 

Ecliptic 

Galactic 

Basis 

Rotation of 
Earth 

Direction 
of gra vity 

Diurnal 
motion of 
celestial 
sphere 

Earth's or¬ 
bital 
motion 

Structure of 

visible 

universe 

Funda¬ 

mental 

Circle 

Terrestrial 

equator 

True 

horizon 

Celestial 

equator 

Ecliptic 

Central line 
of Milky 
Way 

Poles 

Terrestrial 

poles 

Zenith and 
nadir 

Poles of 
rotation 

Poles of 
ecliptic 

Poles of 
galaxy 

Secondary 

Great 

Circles 

Meridians 

Vertical 

circles 

Hour 

circles 

Secondaries 
to ecliptic 

Secondaries 
to galactic 
circle 

Parallels 

Parallels of 
latitude 

Al mu can- 
tars 

Parallels of 
declination 

Parallels of 
latitude 

Parallels of 
gal. latitude 

Co¬ 

ordinates 

Latitude. ^ 
Longitude, A 

Altitude 

Azimuth 

Decima¬ 
tion, b 

Right as¬ 
cension, a 
Hour angle 

Latitude, £i 
Longitude, A 

Galactic 1 at. 

Galactic 

longitude 

Origin for 
second co¬ 
ordinate 

Meridian of 
Greenwich 

South 
point of 
horizon 

Vernal 

equinox, 

meridian 

Vernal 

equinox 

Intersection 
of galactic 
circle and 
equator 

Circles 
fixed with 
respect to 

Surface of 
Earth 

The 

observer 

The stars 

The stars 

The stars 


that "west” means the direction of the diurnal motion of the heavens, or 
contrary to that of the Earth's rotation; and hence it is really a circular 
direction, and on the north polar map "west” follows the parallels of decli¬ 
nation counter-clockwise around the pole. Astronomers often use the words 
preceding and following instead of west and east in describing directions in 
the sky. The star maps exhibit the celestial equator, the ecliptic and the 
principal hour circles and parallels of declination; and the approximate right 
ascension and declination of any object on the map may be read directly. 

A celestial glolie is a small model of the celestial sphere. It is only at 
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great expense that a globe can be made large enough for the student to go 
inside of it, and the usual type is only a few inches in diameter. The map 
on the surface of the globe must therefore show the stars as they would 
appear if we could go outside the celestial sphere. If the globe be viewed 
from the north, "west” is the direction clockwise around the glolie—the 
reverse of the case of maps in star atlases. 

The globe is mounted on an axis passing through the poles of rotation. 
On its surface, in addition to the map of the stars, are printed the equator 
and ecliptic, together with either the secondaries to the ecliptic and parallels 
of latitude or the hour circles and parallels of declination. In either case, 
the two points where each of the twelve principal hour circles intersects 
the equator are indicated by numerals along the equator, reading from the 
vernal equinox toward the east, from o to 24. Each arc of the equator 
between these hour circles is usually divided into fifteen equal parts, which 
represent i° or 4"* each. The ecliptic is likewise divided into degrees and 
on most globes there are printed along the ecliptic dates showing the position 
of the Sun throughout the year. The globe is supported at the ends of its 
axis by a vertical ring, usually made of brass and called the brass meridian. 
The center of the globe lies in the plane of one side of this ring, and this 
side is graduated to degrees reading from o° at the equator to at each 
pole. This edge of the ring, being a vertical circle passing through the 
poles, represents the observer's meridian. The brass meridian is supported 
in a frame, usually of wood, the upper part of which is a ring that repre¬ 
sents the horizon, which is also graduated in degrees. A thin brass or paper 
quadrant, graduated from o° to go 0 , when attached to the zenith, or highest 
point of the brass meridian, represents a vertical circle. 

Practical Determination of Sidereal Time, Right Ascension, 
and Declination.—The declination and hour angle of a star may 
be found with a considerable degree of accuracy from the circle 
readings of an equatorially mounted telescope; and if the side¬ 
real time be known, the right ascension is obtained by subtract¬ 
ing from it the hour angle (page 21). Similarly, the sidereal 
time is obtained by setting the equatorial on a star of known 
right ascension, reading the hour angle, and adding hour angle 
and right ascension together. The tube of the equatorial, how¬ 
ever, when turned into different positions, bends by a small 
amount that is difficult to determine, and the observed posi¬ 
tions are affected by this and by the even more troublesome 
effects of atmospheric refraction (page 57). 

The most accurate determinations of star positions and of 
sidereal time are made by observing the stars as they cross the 
meridian. This method was used extensively by Tycho 
Brahe before the invention of the telescope, and is practiced 
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with the modern meridian circle and transit instrument, which 
are often referred to as the fundamental instruments of practical 
astronomy. The meridian circle is a small or moderate-sized 
telescope attached firmly at right angles to a rigid axis which 
is supported in a level, east-west direction on massive piers* 
and on which is mounted concentrically a finely graduated 
circle. The telescope and circle are thus free to swing in the 
plane of the meridian, but in no other direction. The transit 
instrument is like the meridian circle except that its circle 

is not so finely graduated and is 
used only for setting. Placed in 
the tube of the telescope in such 
a way as to appear to the observer 
along with the star (page 37), is 
a reticle which consists of threads 
of the finest spider-web or of lines 
ruled on a thin plate of optical 
glass with a fine diamond, and 
which is illuminated at night by a 
small lamp. An odd number of 
lines- — five, seven* sometimes as 
many as fifteen- are placed at 
equal intervals in the north-south 
direction, and when the instrument is in perfect adjustment 
the middle line of the group lies exactly on the meridian. At 
right angles to these parallel lines are one or more similar lines 
to mark the center of the field (Fig, 16), 

Since no instrument can lie made perfect, it is never assumed that the 
middle wire follows the meridian with absolute precision. Its departure 
from the meridian can be expressed in terms of the “errors of the instru¬ 
ment^ ’ of which there are three: (r) the collimation error, the angle which 
the line joining the middle wire of the reticle with the center of the object 
glass makes with a plane perpendicular to the axis; (2) the level error, the 
angle made by the axis with the plane of the horizon; and (3) the azimuth 
error, the angle made by the axis with the plane of the prime vertical. These 
errors can all be determined and allowed for, as explained in works on Prac¬ 
tical Astronomy, but their discussion is outside the scope of this book. 

For determining sidereal time or the right ascension of a 
star, the meridian circle or transit instrument is used by noting 



Fig* 16, The Field of View 
of a Transit Instrument 
or Meridian Circle 



Plate 1*3- The 36-ttfCH Refractor of the Lick Observatory 
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the celestial sphere 

the reading of a clock at the instant the star is on the meridian. 
Instead of noting the time when the star crosses the middle line 
of the reticle only, a more accurate determination of the clock 
time of meridian passage is obtained by taking the average of 
the times of crossing the different lines. Since the star’s hour 
angle at the moment of meridian passage is zero, its right ascen¬ 
sion equals the sidereal time at that moment, and so, if the 
clock gives the correct sidereal time, the right ascension of the 
star is determined, or, vice versa , if the right ascension is known, 
the error of the sidereal clock is found by subtracting from its 
reading the star’s right ascension. No effort is ordinarily 
made to set a sidereal clock “right”; it is better to leave it 
undisturbed and to keep a record of its error. 

Declination cannot be determined with the transit instru¬ 
ment, but is measured with the meridian circle. For this, the 
reading of the circle when the telescope is directed to the pole 
must first be found by observing a circumpolar star as it crosses 
the meridian above the pole (upper transit) and again at lower 
transit, twelve hours later. When corrected for atmospheric 
refraction (page 57), the mean of these two readings gives the 
polar reading, which, so long as the meridian circle is undis¬ 
turbed, remains unchanged. The angular distance of any star 
from the pole may then be determined by observing it at 
meridian passage and subtracting the reading of the circle 
(corrected for refraction) from the polar reading. This polar 
distance is the complement of the star's declination. 

The best meridian circles of the present day are graduated 
with exquisite accuracy and arc read by means of microscopes 
to the tenth of a second of arc. With modem astronomical 
clocks and transit instruments, sidereal time and the right 
ascension of stars may be determined to the hundredth of a 
second of time. 

The positions of objects that cannot be conveniently observed 
with the meridian circle, such as faint comets that cross the 
meridian in daylight, are determined by measuring, with a 
micrometer (page 45) or upon a photograph, the difference of 
right ascension and of declination between the object and a 
star whose position is already known. 
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Locating the Equinox.—The meridian circle method of deter¬ 
mining sidereal time requires a knowledge of the right ascension 
of the stars observed, while the determination of right ascension 
requires a knowledge of sidereal time. The reader may natu¬ 
rally inquire how the astronomer makes a start. The fact is 
that the right ascensions of hundreds of standard stars are 
now known with great accuracy and that the methods we have 
described are the ones actually used in practice; but since right 
ascension is measured from the vernal equinox, the system must 
rest ultimately upon a knowledge of the position of that point 
among the stars. The vernal equinox being defined as the point 
where the Sun crosses from the south to the north side of the 
equator, the determination of its position must be made by 
observations of the Sun. Observations of the Sun’s declination 
throughout the year (but best near the times of the equinoxes) 
give an accurate value of the obliquity of the ecliptic, w-hich, 
with the observed declination, gives by a trigonometric calcu¬ 
lation the Sun’s right ascension independently of the sidereal 
time or observations of the stars; hence, observations of the 
clock time of the meridian passage of the Sun made -with the 
meridian circle simultaneously with those of the declination 
give the error of the sidereal clock, and the possession of this 
error provides for the determination of the right ascensions of 
the standard stars. 


CHAPTER II 


THE OPTICS OF THE TELESCOPE 



Invention of the Telescope; Its Importance to Astronomy. — 

The first telescope of which we have any authoritative account 
was made in 1608 by Jan Lippershey, a Dutch spectacle-maker. 
He made no astronomical application of his invention, but in 
T609 news of this wonderful instrument which could extend 
the power of the human eye reached Galileo Galilei, the great 
Florentine physicist, who at once discovered the principle for 
himself, made a number of telescopes, and 
within a year had used them to make dis¬ 
coveries that revolutionized the astronomy 
of his time. With improvements in the 
making of telescopes their usefulness has 
increased, and at the present time almost 
all observations that contribute to the ad¬ 
vancement of astronomy are made with the 
help of this instrument. 

The telescope is essential for three chief 
purposes: first, for revealing objects or their 
details that are too faint or too distant for study with the 
unaided eye; second, to serve as the most accurate form of 
pointer for determining the position of an object on the ce¬ 
lestial sphere; and third, to gather and intensify the light of 
faint bodies for study in other instruments such as spectro¬ 
scopes and photometers. 

Reflection and Refraction of Light. — When light travels 
through empty space, as between the Sun and the Earth, or 
through a uniform transparent substance, it travels in straight 
lines. If a ray of light, traveling in such a medium, encounter 
the surface of a second medium, say a piece of glass, the ray 
will be divided (Fig. 17); one part wall be turned back into 
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the first medium and the remainder will pass into the second. 
If this second medium be homogeneous like the first, the por¬ 
tion of the original ray that enters it will also travel in a 
straight line, but not, in general, the same straight line as that 
of the original ray. In other words, the light is bent abruptly 
at the common surface of the two media. This bending is 
called refraction, and the turning back of the light into the 
first medium is called reflection. 


The angle i , made with the normal to the common surface of the two 
media by the original {incident} ray is called the angle of incidence; that 
made by the reflected ray, the angle of reflection (/); and that made by the 
refracted ray, the angle of refraction (r). The law of reflection slates that 
the angles of incidence and reflection are equal. The law of refraction, 
known as Snell's law, states that the ratio of the sines of the angles of inci¬ 
dence and refraction is a constant which depends on the color of the light 
and the nature of the two media; that is, 

sin i _ 
sin r 

This constant, m, is called the relative index of refraction of the two media. 


Path of a Light Ray Through Glasses of Different Foims. — 

When light enters glass from air or empty space, it is refracted 

toward the normal, and when it passes 

from glass to air it is refracted away 

from the normal. In passing through 

a plate of glass with plane, parallel sides 

(Fig. 1 8), the two refractions are equal 

, and the emergent ray is parallel to the 

Fig. t8. Path of Light . ™ ^ , . , 

through Plate with incident ray. The total effect is thus to 

Parallel Sides shift the ray sidewise without changing 



its direction. 

The case is different if the two glass faces through which the 
light passes are not parallel. This is true of the optical prism, 
a block of glass with three plane faces that meet in parallel 
edges (Fig. 19), Here the normal to the second face is not 
parallel to that of the first, and the ray suffers a deviation, 
which is always in a direction away from the edge in which the 
two refracting faces meet. Light of different colors is deviated 
by different amounts; foi the index of refraction of glass is 


33 


THE OPTICS OF T 1 IE TELESCOPE 

greatest for violet light and least for red, the indices for the 
different colors being in the order violet, blue, green, yellow, 
orange, red. White light is in reality a mixture of all the 
different colors, and so when white light 
is passed through a prism, it is spread 
out in a colored spectrum, red at the end 
toward the refracting edge and violet at 
the other. This property of transparent 
substances is called dispersion, and is 
exceedingly useful to astronomers, al¬ 
though somewhat troublesome to makers of telescopes. 

Suppose that two prisms are placed with their bases together 
(Fig. 20) and illuminated by a beam of parallel rays say the 
light of a star, which is always so far away 
that its rays that fall on the Earth are sen¬ 
sibly parallel. If the rays through the ex¬ 
treme parts of the combination could be 
made to deviate more than those through 
the middle part, all the rays might be made 
to meet. This is in fact accomplished by the 
convex lens (Fig. 21). The point where 
rays that were originally parallel are made to meet is called 
the principal focus, and its distance from the center of the 
lens, the latter's focal length. 

if the rays are not parallel, but diverge from a point within a finite dis¬ 
tance from the lens, they are converged by the lens to a point more distant 
than the principal focus. Thus light diverging from 
the point A , Fig 22, is focused to the point B. 
The points A and B are called conjugate foci. In 
the use of a projecting 
lantern, as in a mov¬ 
ing-picture theater, 

Fig. 21. Path of one of a pair of con- yig. 22, Conjugate Foci 
light th rough jugate foci of the 

a Convex Lens projecting lens is occupied by the slide or film carry¬ 
ing the photograph, and the other by the screen on which the audience sees 
the picture. 

Fig. 23 shows a concave lens, the effect of which upon par¬ 
allel rays is to make them diverge from each other. 

The Photographic Camera. A photographic camera is, in 
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Fig. 19. Path of 
Light through 
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its simplest form, a light-tight box with a convex lens in an 
opening in one wall and means for holding a sensitive plate or 
film in the opposite wall, at a distance from the lens equal to 
its focal length. If the camera be directed 
at night to the sky, the parallel rays from 
each star within its field are brought to a fo¬ 
cus upon the plate, which registers a dot in 
a position corresponding to that of the star. 
Each point of an extended object may be 
similarly recorded, the aggregate of the 
point-images making up a picture of the 
object. For "taking close-ups” of terrestrial objects, where 
each point of the object sends a divergent pencil of light to 
the lens, it is necessary to "focus" the camera by changing the 
distance of the plate from the lens, so that the plate and the 
object are at conjugate foci; and all except the simplest box 
cameras are provided with means for doing this. 

The Human Eye. —Physiologically considered, the eyeball 
is a camera, in which light is focused by the crystalline lens 
and cornea upon the retina, a 
network of sensitive nerves which, 
instead of photographing the light, 
transmit to the brain the sensation 
produced by its presence. In the 
normal eye, when it is at rest, the 
retina lies in the principal focus of 
the lens-system. The near-sighted, 
or myopic, eye is too long, and in 
it the retina is behind the princi¬ 
pal focus; in the farsighted, or hy¬ 
permetropic, eye it is in front. 

Light coming from a point less 
than a hundred feet from the observer, instead of being parallel, 
is perceptibly divergent; the normal, relaxed eye converges it 
to a point farther back than the retina, and for distinct vision 
it is necessary that the focal length of the lens be changed. This 
is accomplished by a muscular effort which causes the crystalline 
lens, which is elastic, to change its curvature, a process that is 



Fig* 24* Z Diagram of the Eve 
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called by physiologists accommodation. Young children can ac¬ 
commodate their eyes to distinct vision at a distance of less than 
three inches, but the power is gradually lost, the"near point" be¬ 
ing on the average four inches from the eye at the age of twenty 
and nine inches at forty, while in old age it recedes to infinity 
and the power of accommodation is lost. This wonderful 
ability of the lens of the eye to change it focal length is not 
possessed by any artificial optical instrument. 

The opening through which light enters the eye, which 
appears as a black circular hole at the center, is called the 
pupil; it is surrounded by the iris, the colored portion of the 
eye, which has the power of contracting so as to change the size 



of the pupil. In very bright light, the pupil is reduced to a 
mere pin-point, while in darkness it is enlarged to its maximum 
diameter, which averages about a third of an inch. In the 
observation of faint stars, it is probable that the pupil has about 
this diameter. This property of the eye is imitated in most 
camera lenses by the iris diaphragm. 

Simple Refracting Telescope. — The action of an astronomical 
refracting telescope, in its simplest form, is shown in Fig. 25. 
The large lens, which receives the rays from the star, is called 
the objective, and the small lens the eyepiece. The objective 
brings the originally parallel rays together at its principal 
focus, forming an image of the star which can be seen as a 
bright point on a white screen or registered as a fine dot on a 
photographic plate held in the focal plane. In the photo¬ 
graphic telescope, which is essentially a camera of great focal 
length, the objective is thus the only optical part needed. If 
not stopped by a screen or plate, the light proceeds through the 
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focus in straight lines, which diverge beyond the focus. An eye 
placed in this cone of diverging rays receives light from the 
star, but in directions as if the star were a bright point situated 
at its image, so that the observer seems to see the star in the 
tube of the telescope, just before his eye—a rather interesting 
observation. In order, however, to receive in the pupil (never 
more than one-third inch in diameter) all the light that has come 
through the objective, the eye must be placed very close to the 
focus, closer than its power of accommodation could allow for. 
To obviate this difficulty the eyepiece is added. 

The astronomical eyepiece is essentially a short-focus convex 
lens which, for normal vision, is placed at a distance from the 
focal plane of the objective equal to its own focal length, so 
that the distance between the two lenses is equal to the sum 
of their focal lengths. The property of the lens by which it 
converges parallel rays to its principal focus is thus reversed, 
and the rays that diverge from the image of the star emerge 
from the eyepiece in a parallel beam. If the focal length of 
the eyepiece is small enough, so that the lens is placed near 
the apex of the cone of rays, the emergent beam is narrower 
than the pupil of the eye, which thus may receive all the light 
transmitted through the large objective. 

The eyepiece is ordinarily supported in a draw-tube that 
slides within the tube supporting the objective so that the 
instrument may be “focused” for the eyes of different observers 
by changing the distance between the objective and the eye¬ 
piece. 

The Telescope as a Pointer. —One difficulty in using sights 
or pointers for determining the direction of a star or other 
object, as was done in the ancient astrolabes, arose from the 
fact that the eye cannot be accommodated for clear vision of 
the near-by sight and the distant object at the same time. This 
difficulty is eliminated in the telescope by placing in the com¬ 
mon focus of the objective and eyepiece a pair of crossed spider- 
threads or other form of reticle and illuminating it with a lamp. 
The light reflected from the threads, since it diverges from the 
focus of the eyepiece, is made parallel by the latter, and so 
the threads arc seen, not in their real position just before the 
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eye, but as exquisitely fine, bright lines drawn on the surface of 
the sky, among the stars. By using the intersection of the 
threads as a fiducial point the direction of the line of sight is 
thus made definite. 

Rays from Two Stars; Magnifying Power. — Suppose the 
telescope directed to a close pair of stars, one above the other 
and let the parallel rays AAA come from the upper of the 
two stars and the rays BBB from the lower (Fig. 26). The 
rays that pass through the center of the objective, like the 
ray passing through the plane plate in Fig. 18, are undeviated, 
and this central ray from the upper star meets all the others 
from that star in the focal plane at a, while the rays from the 
lower star are focused at b. After diverging from the image 
the rays from each star are bent toward the thick, central 
part of the eyepiece and emerge parallel to the line that joins 



the image with the center of the lens. An eye placed behind 
the eyepiece thus sees star A in the direction xa and star B in 
the direction xb. One effect of the telescope is therefore to 
invert the image, the upper star appearing below and the lower 
one above. Though objectionable in viewing terrestrial 
objects, this inversion causes no inconvenience in studying 
heavenly bodies, whose position with respect to a vertical line 
changes in any case with the hour angle. 

The angular separation of the two stars, as seen by the naked 
eye, is the angle AOB which is equal to aOb\ as seen in the 
telescope, their separation is axb, which is larger. In the figure, 
the angles are much exaggerated—two stars to be visible at the 
same time in a telescope must be more nearly in the same 
direction than here represented; hence, in practice, the angle 
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AOB (or aOb ) is small, and its value in radians may be taken 
as the distance ab divided by Oa or Ob. Similarly, the angle 
axb may be taken as ab divided by xa or xb * Rut Oa is equal 
to the focal length, F t of the objective and xa equals the focal 
length, /, of the eyepiece; hence, the magnifying power, which 
is the ratio of the apparent distance between the two stars as 
seen in the telescope to their apparent distance as seen by the 
unaided eye, is 

M = abff + ab/F = F/f. 

That is, the magnifying power of a telescope is equal to the 
ratio of the focal length of the objective to that of the eyepiece. 
Since the eyepiece is small and inexpensive compared to the 
objective, most telescopes are provided with a number of eye¬ 
pieces of different focal lengths and therefore of different 
magnifying powers. 

It may be seen in Fig, 25 that M is equal also the ratio of 
the diameter of the beam of star-light that enters the objective 
to that of the beam that emerges from the eyepiece; for these 
diameters are the bases of similar triangles having a common 
vertex at the principal focus and the focal lengths F and / as 
their respective altitudes. The lower the magnifying power, 
the larger is the emergent beam, and if too low a power is 
used the beam will be too large to enter the pupil of the eye 
and the full aperture of the objective will not be utilized. 
Assuming the maximum diameter of the pupil as a third of an 
inch, the minimum useful magnifying power is seen to be three 
times the diameter of the objective in inches. 

Resolving Power. — So far, we have assumed that the tele¬ 
scopic image of a star is a geometric point and therefore without 
size, but this is not quite true. Owing to the fact that light 
consists of waves of sensible though exceedingly small length, 
the rays that meet at the focus of a lens “interfere” and pro¬ 
duce a star image which is a small, bright disk surrounded 
by a series of concentric dark and bright rings, theoretically 
infinite in number, but growing fainter so rapidly with distance 
from the center that usually only one or two are visible and 
these only with a high magnifying power. The reason for 
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this “diffraction pattern” is set forth in works on Physical 
Optics, but its discussion is beyond the scope of this book. 

If two stars are so close together that their images overlap, 
they appear as a single object, although perhaps somewhat 
elongated, and an increase of magnifying power serves only 
to make the combined image larger without separating the 
stars. If the images could be made smaller, the two stars 
might be seen separated, or “resolved,” by the telescope. Now, 
it is a fact that the larger the objective of the telescope the 
smaller is its image of a star, the diameter of the image being 
inversely proportional to that of the objective; hence, the 
resolving power of a telescope, or its ability to separate close 
stars, is directly proportional to the diameter of the objective. 
The angular distance of the closest pair of stars that can be 
resolved in a one-inch telescope is, according to Dawes, 4.5 
seconds of arc; hence, in a telescope a inches in diameter, the 
minimum resolvable distance is 

4?5 /* 

One might infer that the naked eye could resolve a pair of stars 
that were only 4'/ 5 -h % = 13 "5 apart; actually, the minimum 
distance for resolution by the eye is much greater than this, 
the two stars of e Lyra:, 3^' apart, being a pretty good test 
for acute vision. The reason for this lies not in the lenses of 
the eye, but in the structure of the retina, the sensitive ele¬ 
ments of which are the microscopic “rods and cones.” If a 
complete cone lies between the images of two stars, untouched 
by either, the stars are seen separately; if the images are too 
close for this to occur, the observer is conscious of but a single 
point of light. The action of a photographic plate, which is 
granular in structure, is in this respect analogous to that of 
the retina. 

The resolving power of a telescope sets a practical limit to 
the magnifying power that can advantageously be applied to it; 
for there is no advantage in enlarging the image of a star 
beyond the point where it is easily perceived as a disk. Assum¬ 
ing that the eye can perceive a disk 180" (a little less than the 
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separation of t Lyras) in diameter, the maximum useful mag¬ 
nification in a telescope would be found by 

4 o / a 'M = i8o”, whence M = 400; 

or, the greatest practicable magnifying power is forty times the 
diameter of the objective in inches. Greater magnification 
than this is in fact seldom used. It has already been shown, 
on the other hand (page 3S), that the tmnimiun useful mag¬ 
nifying power is 3a. 

Bad Seeing.” One of the most obvious characteristics of 
a star, and one which appeals to poets far more than to astron¬ 
omers, is its twinkling. This is a rapid fluctuation in the star’s 
brightness, accompanied by minute and equally rapid changes 
of its apparent position and sometimes by variations of color. It 
is caused by motions in the air above us and is analogous to 
the effect that would be produced if we should view the star 
from the bottom of a clear lake, the surface of which was 
agitated by waves. The telescope magnifies the twinkling, so 
that it is usually great enough to interfere with the observation 
of fine detail or of stars that arc close together. This condition 
is called “bad seeing.” Its effects are worse in a large telescope 
than in a small one because the larger objective receives light 
from a wider air-path in which the total disturbance is greater. 
It often happens that a great telescope is rendered practically 
useless by bad seeing on a perfectly cloudless night. Fig. 27 
shows two photographs of the "trapezium” of stars in the Orion 
nebula, made with the 100-inch Hooker telescope. The one on 
the right, made in fairly good seeing, shows two faint stars 
whose existence would hardly be suspected from the evidence 
of the other picture, which was made in poor seeing. 

To the unaided eye, a planet usually does not seem to twinkle. 
This is because its angular diameter is appreciable, and while 
one point of its surface increases in brightness, that of another 
diminishes, keeping the total effect about constant. Bad see¬ 
ing, however, is sufficiently evident in telescopic observation 
of planets, causing the fine detail to run together and the whole 
image to become blurred. 

Since the aerial disturbances that cause bad seeing are worse 
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in some localities than in others, this factor is very important 
in choosing a site for an observatory. Other desiderata are 
a large number of clear nights in the year and freedom of the 
air from dust and haze. A high altitude, to place the observer 
above a part of the air, a dry climate to assure cloudless skies, 
and distance from the smoke and artificial lights of cities arc 
all desirable. 

Brightness of the Image.—The light-gathering power of a 
telescope may be defined as the ratio of the amount of light 



Fig. 27. Two Photographs op the “Trapezium” in Orion 


from a given star entering the objective to the amount entering 
the pupil of the unaided eye. The amount of light that can pass 
through a given aperture is proportional to the area of the 
aperture, and therefore to the square of its diameter;., and 
hence, calling the diameter of the objective a and that of the 
pupil b, we have for the light-gathering power, 

L = a 2 lb 2 . 

If we let b = ]/$ inch, the maximum diameter of the pupil, we 
have for the light-gathering power of a telescope of a inches 
aperture, 

L = ga 2 . 

The stars are all at such prodigious distances that, although 
their real diameters are very great, their angular diameters are 
less than that of the diffraction-image produced by the 
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objective of any existing telescope; and, except when excessive 
magnification is used, the image is too small to be seen as a 
disk, and so the effective size of all star images on the retina is 
the same. The apparent brightness of a star as seen in a tele¬ 
scope as compared with its brightness as seen by the unaided 
eye depends, therefore, only on the light-gathering power. A 
ten-inch telescope makes a star appear 900 times, and a 
hundred-inch telescope 90,000 times, as bright as it appears to 
the unaided eye. Large telescopes thus disclose millions of 
faint stars that without their aid would be quite invisible. 

The brightness of the image of a planet, nebula, or other 
object that presents a perceptible surface depends upon the 
focal length of the objective as well as upon its diameter; for 
the brightness is diminished by enlarging the image, and the 
diameter of the latter is proportional to the focal length, as 
may be seen in Fig. 2 6. The area of the image varies directly, 
and its brightness inversely, as the square of the focal length. 
Calling the focal length of the objective F and its linear 
aperture a, the brightness of the image of a planet or nebula in 
the focal plane is therefore proportional to a-jF 1 . The "speed” 
of an objective for photographing nebula: and planets, or for 
ordinary landscape and portrait photography, is proportional 
to this ratio, while for photographing stars it is proportional 
merely to a-. If the telescope is used visually, the area of the 
image on the retina is proportional to the magnifying power, 
and its brightness to a*/M z . 

It can be shown that the brightness of a widely extended 
surface, which more than fills the field of view, cannot be 
increased by any optical device. Such an object is the sunlit 
sky. The reason we cannot ordinarily see the stars in the day¬ 
time is that the background of sky is too bright to afford 
sufficient contrast to the light of the star. The telescope, by 
increasing the apparent brightness of the stars without chang- 
ing that of the sky, enables us to see the brighter stars in day¬ 
light without difficulty. 

Chromatic Aberration. — It has already been pointed out 
(page 33) that, when light is deviated by refraction, it is dis¬ 
persed into its component colors, the red being deviated the 
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Fig. 28, Chromatic A mat ration 


the optics of the telescope 

least and violet the most of the colors to which the eye is 
sensitive. A prism thus produces a spectrum. The dispersion 
that takes place in a simple convex lens produces a series of 
colored images of a star as shown in Fig. 28, the violet one 
being nearest the lens and the red one farthest removed. With 
an eyepiece focused on any one of these images, an observer 
sees a small bright point of the corresponding color surrounded 
by a halo that is composed of the out-of-focus light of the 
other colors. By thus enlarging the image of a star, the 
colored halo greatly impairs 
the resolving power of the 
lens, and it also makes it im¬ 
possible to judge correctly 
the color of any object 
viewed. This defect of the 
simple lens, by which light of different colors fails to arrive 
at the same focus, is called chromatic aberration. 

Soon after Galileo's application of the telescope to the study 
of the sky, it was found that chromatic aberration could be 
mitigated by making the focal length of the objective very 
great in comparison with its diameter, and some telescopes of 
the seventeenth century attained fantastic lengths, up to two 
hundred feet. These long telescopes must have been exceed¬ 
ingly unwieldy, and their use led to no results commensurate 
with their size. 

Achromatic Lenses. -In 1758 John Dollond, an English 
optician, patented a method of reducing the effects of chromatic 
aberration by combining two lenses made of different kinds of 
glass. The glasses ordinarily used for this purpose are called 
crown and flint glass, names derived from the manner in which 
the glasses were formerly made. Their principal constituents 
are silica (sand) and sodium sulphate or carbonate or potassium 
carbonate, to which is added lime in making crown glass and 
lead in making flint glass. Modern varieties of optical glass 
intended for special purposes contain also a great variety of 
other substances. 

The refractive index of flint glass is greater than that of 
crown, and its dispersive power— i.e., the difference of its 
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refractive index for light of different colors — is also greater. 
By properly combining a convex crown lens with a concave 
flint one, a compound objective is formed which will bring to 
the same focus rays of light of any two colors that may be 
chosen. Such a lens is shown in Fig. 29. The colors to 
which the eye is most sensitive are those near the red end of 
the spectrum, and so objectives intended for visual use are 
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Fig. 30. Negative Eyepiece 


made to combine the red and green rays; but the ordinary 
photographic plate is more sensitive to the blue end of the 
spectrum, and >so photographic objectives are made to combine 
the blue and violet. Such compound lenses are called achro- 
matic (color-free), but the images they produce are not wholly 

free from color, since the light of 
all colors except two is focused 
at different points. However, 
the colored halo around the im¬ 
age of a star produced by such 
a lens is not nearly so large or 
troublesome as in the case of a single lens. With some of the 
special modem glasses it is possible to produce a compound 
lens that is very nearly achromatic over the whole range of 
the visible spectrum, but these glasses have not yet been 
produced in blocks large enough to make a lens of very great size. 

Eyepieces, —A simple convex lens used as an eyepiece introduces color 
and distorts the image unless the object is at 
the center of the held. The eyepieces of 
modern telescopes are usually composed of 
two lenses, and are usually of cither of two 
forms, the negative, or Huyghenian, and 
the positive, or Ramsden, illustrated in 
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Fig. 31. Positive Eyepiece 


Figs, 30 and 31, respectively. In the Huyghenian eyepiece, the rays 
from the objective are intercepted by the first of the ttvo lenses before 
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reaching a focus, and cross between the lenses; in the Ramsden form they 
reach their focus before encountering either lens. The Huyghenian eyepiece 
gives better definition at the center of the field, but of course cannot t?e 
used with a reticle; the Ramsden can !>e used with a reticle, and has a 
wider field, 

Galileo employed in the first telescopes a concave eyepiece, placed be¬ 
tween the objective and its focus. Such an eyepiece gives an erect image, 
but its field of view is very small if it is made of any considerable magni¬ 
fying power. It is used in the modem opera glass, in which a high power 
is undesirable and inversion of the image would be objectionable. 

The Filar Micrometer.—An important accessory to a visual 
telescope is the filar micrometer, an instrument used for meas¬ 
uring small angular distances, A rectangular frame, A (Fig, 
32), is made to slide over a larger 
frame, B t by turning the fine-thread¬ 
ed screw 5 , which has a graduated 
head for reading small fractions of 
a revolution. The springs P, P take 
up the back-lash of the screw. 

Across each frame is stretched a 
fine thread of spiderweb, T t 2\ and 

these lines are illuminated by the 

* f T ™ ' Fig. 32. Filar Micrometer 

little electric lamp L, The two 

frames are arranged to rotate about the center of the circular 
plate C, the edge of which is graduated to degrees read by the 
index I for determining the “position angle* 1 (page 327) of the 
lines. A positive eyepiece is attached to the frame A and fo¬ 
cused on the spider lines, and the plate C is attached to the 
tube of the telescope so that the lines lie in the focus of the ob¬ 
jective. The parallel spider lines then appear as if drawn in 
light upon the sky, and the distance between the images of two 
close stars may be measured by setting one line on each 
star and reading the graduated head of the screw. 

To reduce this distance to seconds of arc, it must be multiplied by the 
“micrometer constant/" which is the number of seconds that corresponds to 
one complete turn of the screw. This constant may be determined by set¬ 
ting the lines parallel to an hour circle, separating them by a known number 
of turns, and finding the time required for a star on the equator to pass 
from one line to the other. The number of seconds of Hme in this interval, 
multiplied by fifteen, is the number of seconds of arc between the spider 
lines. 
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Accessories for Celestial Photography.—For photographing 
any celestial objects except the brightest ones, long exposures, 
often of many hours’ duration, are necessary. To follow the 
diurnal motion during this time, the photographic telescope or 
camera must of course be equatorially mounted and clock- 
driven, but even then the position of the image upon the plate 
will be changed by the effects of atmospheric refraction, bad 
seeing, and the imperfections of the clock unless these errors 
are corrected by the observer. Short-focus cameras are often 
attached rigidly to a guiding telescope provided with crossed 
spider lines on which the image of the object being photographed 
is kept by the observer, using the slow-motion devices of the 
telescope. With long-focus instruments, a double-slide plate 
carrier is used. The plate is clamped to a rigid frame which 
may be moved parallel or perpendicular to the equator by fine 
screws in the hands of the observer. A positive eyepiece fitted 



Pig. 33. Parallel Rays Reflected by a Parabolic Mirror 


with a pair of crossed spider lines is clamped firmly beside the 
plate, so that the intersection of the lines may be held upon 
the image of a "guide-star” located just outside the limit of the 
field that is being photographed. The difference in the use of 
the guiding telescope and the double-slide plate carrier is this: 
in the former the errors of following are corrected by moving 
the whole instrument, while in the latter only the plate and 
eyepiece, with their supporting frame, are moved. 

Reflecting Telescopes. — Instead of a convex lens, it is 
possible to use as the objective of a telescope a concave mirror. 
In order to reflect parallel rays to a common focus, the cros ;- 
section of the surface of the mirror must have the form of a 
parabola (page 217). For a star situated on the axis of the 
parabola, the path of the fight is as shown in Fig. 33. To 
receive the fight from such an objective, the eyepiece or photo¬ 
graphic plate would have to be placed inconveniently in the 
middle of the tube unless an additional reflection is provided 
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for. Different ways of doing this give different types of tele¬ 
scopes. In the Newtonian type, a plane mirror set at an 
angle of 45 0 to the axis of the parabola intercepts the light before 
it reaches a focus and sends it to the side of the tube near the 
top. The observer must then stand on a high platform, if the 
instrument is large, and look in through the side of the tube. 
In the Herschelian form, the objective is inclined sufficiently 
to focus the fight at the side of the tube, and a second re¬ 
flection is avoided; but the image then lies at a distance from 
the axis of the parabola and is subject to considerable distortion. 



Fig, 34, 60-inch Reflector, 
Newtonian Form 



This form was used by William Herschel late in the eighteenth 
century, but is no longer employed. In the Cassegrain form a 
convex, hyperboloidal mirror at the upper end of the tube sends 
the rays back toward the objective, where they either pass 
through a hole in the latter, as in the earlier Cassegrains and 
in the great reflector of the Dominion Astrophysics! Observa¬ 
tory, or are reflected to the side by a plane mirror placed just 
above the objective* Large modern reflectors are provided 
with a number of secondary mirrors mounted in removable 
sections of the tube, so that the type and equivalent focal 
length of the telescope may be changed. The sixty-inch 
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reflector of the Mount Wilson Observatory is shown in the 
Newtonian form in Fig. 34 and in the Cassegrain form in Fig. 
35 - 

Reflecting telescopes have been in use since the time of New¬ 
ton, about 1670. During the first two hundred years the mirrors 
were usually made of speculum metal, a hard, brittle alloy of 
tin and copper; but modern mirrors for astronomic purposes 
are made of glass, covered on the front surface with a thin 
coating of metallic silver. If they were silvered on the back 
like an ordinary looking-glass, the image would be spoiled by 
the faint reflection from the unsilvered front. 

Relative Advantages of Refractors and Reflectors. — As com¬ 
pared with the refracting telescope, the reflector has the great 
advantage of perfect achromatism. For an instrument of given 
size, the cost of a mirror is less than that of an achromatic lens, 
since in the former there is only one surface to bring to an 
accurate figure, while in the latter there are four, and the 
glass of the mirror need not be of so high a quality since the 
light does not enter it. On the other hand, the mirror is more 
sensitive than the lens to changes of temperature and its sur¬ 
face tarnishes after a few months, requiring resilvering, while 
a lens, if well treated, is permanent. Also, unless mounted 
with skill and at considerable expense, a large reflector is 
more unwieldy than a large refractor. 

The Largest Telescopes. — The largest telescope yet con¬ 
structed {1926) is the Hooker reflector of the Mount Wilson 
Observatory near Pasadena, California. It has a parabolic 
mirror of 100 inches diameter and 500 inches focal length, 
which is 13 inches thick and weighs 5 tons. It is sometimes 
used in the Newtonian form with its natural focal length, and 
sometimes in the Cassegrain form with either of two hyper¬ 
bolic secondary mirrors giving equivalent focal lengths of 135 
and 230 feet. The moving parts of the telescope weigh 100 
tons, and this weight is supported principally by two steel 
drums attached to the polar axis, which float in troughs of 
mercury. The instrument is of course too massive to be 
moved by hand, and fifty electric motors, controlled by 
switchboards near the eyepieces and at the assistant's desk. 


Plate 2,1 



Yerkes Observatory from the Northeast 
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are provided for operating the telescope, observing platforms, 
and dome. A photograph of this magnificent instrument is 
shown in Plate 2,2. 

A six-foot reflector, with a speculum-metal mirror, was built 
and used by the Earl of Rosse in Ireland in the middle of the 
nineteenth century, but it is no longer in use. The second 
largest telescope now employed is the 7 2-inch reflector of the 
Dominion Astrophysical Observatory at Victoria, British 
Columbia. The Mount Wilson Observatory, in addition to 
the loo-inch, possesses a fine 60-inch reflector. 

Of refractors, the largest is that of the Yerkes Observatory 
of the University of Chicago, situated at Williams Bay, Wiscon¬ 
sin. The objective is 40 inches in diameter and of 64 feet focal 
length. The second largest is the 36-inch refractor (Plate 1.3) 
of the Lick Observatory of the University of California, situated 
on the top of Mount Hamilton. Both these telescopes were 
designed for visual observations, but are used also for photo¬ 
graphic purposes by employing special plates. There are many 
refractors, both visual and photographic, of 24 inches aperture 
and larger. 
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THE EARTH 

General Description of the Earth.—The Earth is one of the 
smallest of the eight principal planets that revolve around the 
Sun. In form it is almost a perfect sphere, 7,920 miles in mean 
diameter (exclusive of the atmosphere); but the equatorial 
diameter is about 27 miles longer than the polar, giving the 
planet more nearly the form of an oblate spheroid. The mass 
of the Earth is 6*io ai (6 followed by twenty-one ciphers) tons. 
Its mean density, as compared with water, is 5.53. This great 
ball rotates on its axis in twenty-four sidereal hours, and 
moves in its vast orbit around the Sun at an average speed of 
eighteen miles, or thirty kilometers, a second. 

The Earth acts as a huge, irregular, spherical magnet, 
having in each hemisphere a magnetic pole situated about 20 0 
distant from the geographic pole. 

The Earth possesses a lithosphere, which is the main body 
of the planet; a hydrosphere, consisting of the water on its 
surface; and an atmosphere, the gaseous envelope that sur¬ 
rounds them both. 

The outer portion of the lithosphere is a solid crust, on the 
surface of which we live. It consists mainly of rocks, the 
principal constituents of which are oxygen and silicon (always 
in chemical combination), with smaller quantities of most of 
the other chemical elements. The average density of the 
crust is considerably less than that of the Earth as a who'e, 
from which fact we may infer that the interior of the litho¬ 
sphere is compressed by the great weight of the crust. This 
compression, however, is regarded by geophysicists as in uf- 
ficient to explain all the difference in density, and by many it 
is believed that the central core of the Earth is composed of 
solid nickel-iron having at the center a density of about 10. 
This view is supported by several lines of evidence, including 

so 
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the magnetic properties of the Earth and the analogy of iron 
meteorites which arc believed by some to be fragments of a 
cosmic body. Such phenomena as volcanoes and hot springs 
show that, at no great distance below the surface, the tem¬ 
perature is very high, and it is believed that the main body of 
the lithosphere is at a temperature above the melting point of 
rocks at ordinary pressures. It might be expected that the 
interior of the Earth would in these circumstances be liquid, and 
until late in the nineteenth century this was thought to be true; 
but a study of the speed with which earthquake shocks are 
transmitted through the body of the Earth, and other evidence 
as well, show that the lithosphere is both elastic and rigid like 
a solid, the rigidity being between that of glass and that of steel. 

The hydrosphere consists of all the oceans, lakes, and rivers, 
and covers about four-fifths of the surface of the lithosphere. 
As the molecules of a liquid are free to yield to whatever forces 
are applied to them, the surface of the ocean is (except for the 
slight effects produced by winds and tides) a level surface, 
everywhere normal to the direction of gravity. It is the form 
of this surface that we mean when we speak of the shape of 
the Earth. 

Proofs of Approximate Sphericity; Dip of the Horizon.—To 

the casual observer the surface of the Earth, especially that of 
the sea, appears flat, and until its circumnavigation by the fleet 
of Magellan in 1592 it was generally believed that it really was 
flat; but well-informed thinkers of all times, beginning with 
the ancient Greeks, have seen good reasons for believing the 
Earth to be spherical. Some of the ways open to every careful 
observer for confirming this belief arc the following: 

1. The shadow of the Earth, seen on the Moon during a 
lunar eclipse, is always sensibly circular, whatever may be the 
face of the Earth that is turned toward the Sun. 

2. When a ship moves away from a stationary observer, the 
first part to disappear is the hull and the last is the highest 
point of the mast or funnel—shoving that the surface of the 
water is convex (Fig. 36). 

3. The angular depression of the visible sea horizon below 
the true horizon increases with the height of the observer and, 












m 


ASTRONOMY 


for a given height, is sensibly the same in all azimuths, thus 
showing that the curvature of the water is the same in all direc- 
tionsa property possessed only by a spherical surface. This 
angular depression is called the dip of the horizon and is a 



Fig. 36. Proof of the Earth’s Convexity 


correction that must be subtracted from all measurements of 
the altitude of a heavenly body above the visible horizon to 
reduce them to the true horizon. It is the angle between a level 
plane and a tangent to the Earth s surface, both passing through 
the observer’s eye (Fig. 37). 

Knowing from other considerations, as we now do. the radius R of the 
Earth, we may easily compute the dip if the height, h, of the observer above 



the water is known. In Fig. 37, C represents the center of the Earth (con- 
siclered spherical), O the observer* and OH the direction of the true horizon, 
peri>endicular to OC, The visible horizon lies in the direction of the tan¬ 
gent OA . I he dip* a or the angle HO A , equals the angle OCA since their 
sides are respectively perpendicular. Since this angle is always small, its 
value m radians m ay be taken as OA/R or, since the triangle OAC is right- 

angled at A. as But uda la e,™! „ 2 ^®+? sinc0 


h is very small compared to R } we have very nearly 

V ?Rh ^ / 2h 

r y r 


A in radians 


or 


A in minutes of arc 


-/!* 
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Now. it is known that R is about 20,000,000 feet, and hence, if we express 
both and k in feet, 

V 10,450,000 

"['he square root of 10*450,000 is 5*233, not very different from the coefficient 
■ and so we have a sufficiently close approximation for many practical 
purposes if we follow the sailors’ rule: the value of the dip in minutes of 
are equals the square root of the observer’s height in feet* 

The distance of the visible sea horizon from the observer is OA, or 
/f.v/3,438. Its approximate value in miles is i )4 times the square root of 
the value of h in feet. 

The Earth’s Atmosphere—The atmosphere is a mixture 
(not a chemical combination) of a number of different gases 
held to the surface of the Earth by gravitational attraction* 
The lower portion of the air is about three-fourths nitrogen 
and one-fourth oxygen* with small quantities of water vapor, 
carbon dioxide, and argon. Suspended in the lower air is a 
considerable amount of solid material in the form of dust and 
smoke, and usually also liquid water in the form of the droplets 
that make up the haze and lower clouds; while the higher 
clouds arc often composed of ice crystals—particles of solid 
water* The upper air is believed to be made up of the light 
gases— mostly hydrogen and a small amount of helium. 

The distinction between solids, liquids, and gases hits to do with the 
arrangement of the molecules. In a solid, the molecules resist any force 
that tends to change their relative positions or distances* so ttyut the ljody 
possesses incompressibility and rigidity. In a liquid, the molecules pass 
freely over one another* but resist any tendency to change the distance 
between adjacent molecules. A liquid thus possesses incompressibility, but 
not rigidity. The molecules of a gas constantly move about among one 
another, each one darting in a straight line until it encounters another 
molecule or the wall of the containing vessel. The speed of a molecule of 
gas is the greater the greater the temperature, and the length of its free 
path is the greater the less the density. Increasing the pressure on a given 
mass of gas l>oth decreases its volume and increases its density by dimin¬ 
ishing the free paths of the molecules. If the pressure is relieved, the mole¬ 
cules at onec spring apart and the volume increases* decreasing the density. 
Most substances can be made to pass successively through the three states 
by varying the temperature or the pressure. Thus, in air at ordinary atmos¬ 
pheric pressure, at a temperature of o° Centigrade, solid water (ice) is trans¬ 
formed into liquid* and at ioo° Centigrade liquid water boils—i.e., is rap¬ 
idly transformed into an invisible gas called water vapor. 
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1 he weight of each layer of air produces a pressure upon the 
portion of the atmosphere that lies below it, and the total 
pressure and density are therefore greatest at the level of the 
sea and diminish with increasing height. The total weight of 
the atmosphere is some io 14 tons and the pressure at sea level 
amounts to about fifteen pounds to every square inch of sur¬ 
face, but we are not ordinarily conscious of this pressure 
because it is the same in all directions. When a part of the 
air in a vessel is artificially removed, the atmospheric pressure 
forces other air to take its place. Philosophers before the 
time of Galileo were unaware of the pressure produced by the 
weight of the air, and attributed its effects to the false but 
famous principle "Nature abhors a vacuum." 

Illumination and Color of the Sky; Twilight.—When light 
passes through a medium which contains particles that are 
small compared with the wave-length of the light, a part of 
the light is scattered by the particles in all directions, and the 
ratio of the intensities of the scattered and incident lights 
varies inversely as the fourth power of the wave-length. The 
molecules of the air, and also the particles of dust suspended 
in it, have this effect upon sunlight and starlight; and so the 
light that reaches the eye directly through the air has been 
deprived of some of its shorter waves (composing the violet end 
of the spectrum), and the heavenly bodies appear of a redder or 
yellower hue than they would if the Earth had no atmosphere. 
Just before sunset, the sunlight passes through a greater 
depth of air than near the middle of the day, and its redness is 
increased both by this cause and by the greater dustiness of the 
air at that time of the day. The brilliant colors of sunset 
clouds are due to their illumination by light that has passed 
through different depths of air. On the other hand, when we 
turn to directions nearly at right angles to that of the Sun, we 
receive light that has been scattered by particles in the air, and 
which is therefore blue or, in the pure air of lofty mountains, a 
deep violet. The illumination and color of the sky are thus due 
to the scattering of light by the small particles of the air. If 
the Earth had no atmosphere, the sky would be black and the 
stars could be seen at all times, day or night. 
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Twilight and dawn are the names applied to the illumination 
given to the sky by the Sun when it is below the horizon. Just 
after sunset, the Sun is still shining on the air above our heads, 
and the entire sky is still bright; but this brightness rapidly 
diminishes, especially near the eastern horizon, where, if the 
sky be very clear, the dark shadow of the Earth (known as the 
twilight arc) may be seen mounting the sky as the invisible 
Sun descends. Twilight ends when the depression of the Sun 
below the horizon, as measured on a vertical circle, is i8°. 
For an observer at the Earth’s equator, where the diurnal 
motion takes place vertically, the duration of twilight is only 
about i b i2 ,n ; but it varies with the observer’s latitude and 
the Sun’s declination, both of which modify the angle made 
by the Sun’s diurnal path with the horizon, and in summer, 
in latitudes greater than 48^5, twilight lasts all night. 

The Depth of the Atmosphere—Since the pressure produced 
by the weight of the air diminishes with increasing height, the 
density also diminishes in the same way, and it is difficult to 
locate the boundary of the atmosphere if indeed any definite 
boundary exists. It is possible, however, to determine approxi¬ 
mately the height to which air of a certain density extends. The 
tops of the highest mountains arc about five miles above sea 
level, and manned balloons and airplanes have risen to heights 
somewhat greater than this. At these heights the air is too rare 
to support life for any length of time, and is very cold, because 
of the rapid loss of heat into space through the still thinner air 
above. Sounding balloons, carrying recording meteorological 
instruments, have risen twenty-one miles and their records 
have shown that, at heights greater than about seven miles, 
the temperature ceases to change with the height and is con¬ 
stant at about — 55 0 C. Ordinary clouds and dust are not 
detected at heights much greater than seven miles. The fact 
that twilight persists until the Sun is 18 0 below the horizon 
shows that the air is dense enough to scatter light perceptibly 
at heights above forty miles. 

This result is obtained as follows: In Fig. 38 let the two concentric arcs 
represent the surface of the Earth and that of the highest reflecting layer of 
atmosphere; C the center of the Earth, O the observer, OH the plane of 
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the observer’s horizon, and .- 16 ' the direction of the Sun at the end of twilight. 
Twilight ends when the Sun ceases to shine at A , and observation shows 
that this occurs when the angle HAS is i8°. This angle is equal to OCB 
since their sides are respectively perpendicular, and OCB is bisected by the 
line CA, whose length exceeds the radius R of the Earth by the height h of 
the atmosphere. In the right triangle OCA we have 

(R + h)/R = sec o° 
or 

h = R (sec 9° — i). 

The secant of nine degrees is 1.0125 and the radius of the Earth is 5,060 
miles, and so h by the afiovc formula is 5,060 X 0.0125 — r i'f, c 

rays AO and AS, however, are slightly curved downward by refraction, and 
the actual depth of the reflecting atmosphere is less than that given by the 
formula. 

The light of "shooting stars" or meteors is due to the heat 
generated by their swift passage through the air, and these 



Fig. 3a Depth of the Atmosphere 


bodies are often seen at heights exceeding one hundred miles, 
showing that the air extends to that height. Finally, the arcs 
and streamers of the polar aurora, which is believed to be due 
to the impact of free electrons from outer space upon the parti¬ 
cles of the air, have been observed by Stormer of Christiania 
at heights as great as four hundred and fifty miles. 

Atmospheric Refraction and Dispersion.—When a ray of 
light from any heavenly body encounters the atmosphere it 
obeys the law of refraction and is bent toward the normal to 
the surface. The index of refraction of air increases with 
the density, and so the bending increases as the light passes 
downward, and the ray follows a curved path through the air 
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as shown in Fig. 39, where a ray from the star S reaches the 
observer at 0 . We “see” an object in the direction from which 
its light enters the eye, and so the star appears to be at S', in 
the direction of a tangent drawn to the curve at 0 . The effect 
of atmospheric refraction is thus to make the heavenly bodies 
appear slightly higher in the sky than they really are, and a 
“refraction correction” must accordingly be applied to all 
measured altitudes. 

If the body is observed at the zenith, 
the incident ray coincides with the normal 
and the refraction is zero. It is greatest 
at the horizon, and varies nearly as the 
tangent of the zenith distance, an approxi¬ 
mate formula for the refraction correction 
being 



Fig. 39. 


r = 60''7 tan f 


At mos p 1 i kr it; Ref h ac: - 
TION 


where r is the zenith distance* This formula obviously breaks down at the 
horizon, where it would give an infinite displacement of the star, and in fact 
is of little value at altitudes below 25 0 * The exact calculation of atmos¬ 
pheric refraction must take into account the barometric pressure and tem¬ 
perature of the air, and is very complicated* 

At the horizon, under average conditions, the refraction is 
about 35/, which is greater than the apparent diameter of the 
Sun or Moon. The result is that we see these bodies while they 
are still entirely below the true horizon, and refraction has the 
effect of lengthening the day and shortening the night. Near 
the horizon, the refraction changes very rapidly, and at an 
altitude of half a degree it is about 6' less than at the horizon. 
For this reason, the upper limb of the rising or setting Sun 
is elevated 6' less than the lower, and the disk appears notice¬ 
ably flattened on the under side* 

Violet light is refracted more than red by air, just as by glass, 
but the dispersion is much less. It is noticeable, however, in 
the case of a star near the horizon, especially if viewed through 
a telescope, when the image appears as a short spectrum* The 
effect is not conspicuous in ordinary telescopes except at alti¬ 
tudes of 5° or less, but in the modern giant reflectors it affects 
the quality of star images when the star is as high as 30°. 
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Experimental Evidence of the Earth’s Rotation.— That the 
Earth rotates on an axis was taught as long ago as 395 b.c. 
by Herakleides of Pontus, but the doctrine was not accepted 
by many of the early philosophers, and until after the work of 
Copernicus (1543) it was generally believed that the Earth was 
stationary and that the diurnal motion of the celestial sphere 
was a real motion in which all the heavenly bodies took part. 
With the expansion of ideas regarding the vast distances of 
these bodies, especially the stars, the simplicity of the view of 
Herakleides as opposed to the complexity of its alternative 
became evident, and throughout the last three centuries the 
rotation of the Earth has not, by intelligent persons, been seri¬ 
ously questioned. 

In 1851 Foucault performed a famous experiment which for 
the first time demonstrated the Earth’s rotation without the 
use of any point of reference outside the Earth itself. He 
erected in the dome of the Pantheon at Paris a pendulum 
consisting of a heavy iron ball attached to a slender wire more 
than two hundred feet long, the upper end of which was pivoted 
on a small round point under the top of the dome. The 
pendulum was thus free to swing in any azimuth, and a rotation 
of the support could not readily be transmitted to it. Such a 
pendulum, if left undisturbed, continues to suing for several 
hours very nearly in the same plane. At the bottom of the 
ball was fixed a pin which, as the pendulum swung, just touched 
the surface of a circular ridge of sand heaped upon a table 
beneath, thus showing by a mark in the sand the direction 
of the plane of vibration. If the Earth did not rotate the pin 
would continue to cut the sand in the same place; but Foucault 
found, and showed to a great crowd of spectators, that the sand 
was cut in a fresh place at each swing, the floor of the building 
visibly turning under the pendulum. The experiment has 
been repeated many times and in many places, including some 
in the southern hemisphere, where the apparent rotation is, as 
wou’d be expected, in the direction opposite that observed in 
the northern. 

If the experiment were performed at the Earth's pole, the rate of apparent 
rotation of the plane of vibration would be the same as the real rate of the 
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£ art h—one complete turn in twenty-four hours. At the equator, there 
would be no apparent rotation at all, because the rotation of the plane of 
the pendulum must take place around a vertical axis, and a building located 
at the equator docs not rotate in this way, but is carried bodily in a circle 
around the center of the Earth. The motion of a building located between 
the pole and the equator may be regarded as a combination of rotation and 
revolution, the former predominating the more as the pole is approached; 
and it may be shown by the principle of composition of angular velocities 
in Dynamics that the time of an apparent rotation at a place whose latitude 
is f is 24'' -*■ sin *>. At the latitude of Paris the time of a complete apparent 
rotation is about 32 hours. 

There are a number of other ways in which the rotation of 
the Earth has been detected independently of observations of 
the stars. 1 Perhaps the most im¬ 
portant, certainly so from a prac¬ 
tical point of view, is the action of 
the gyroscopic compass which is 
used on many large ships and which N 
depends upon the directive effect of 
the Earth’s spin upon the axis of a 
rapidly rotating, massive wheel. 

The explanation of this instrument 

is too difficult to be entered upon Fi g - 4 a Effect of Earth’s 
, Rotation on its I*orm 

here. 

Effect of the Earth’s Rotation upon Its Form and upon 
Gravity. — Owing to the rotation of the Earth, every particle 
of its substance (except those exactly on its axis) moves in a 
circle in a plane parallel to the equator and centered on a point 
on the axis. Thus, a particle at M, Fig, 40, revolves in a 
circle of radius MN with center at N. Now, motion in a 
circle results in a tendency of the moving body to fly away, 
known in Mechanics as “centrifugal acceleration,” the formula 
for which is 

c = vyR = 

where V is the velocity of the moving body, R the radius of 
the circle, and T the time of a complete revolution. The 
particle at M would have a tendency to fly out in the direction 

1 For an elementary discussion of several of these experiments the reader is 
referred to Young's General Astronomy or Barlow and Bryan’s Mathematical 
Astronomy. 
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MS, a tendency proportional, according to the second part of 
the above formula, to the radius M .V, and therefore a maximum 
for a body at the equator 0 and zero at the pole P. 

Although, because of the large value of T in the case of the 
Earth, the centrifugal force acting on a body of ordinary mass 
is small (force is equal to mass times acceleration), the Earth is 
so enormous that the aggregate of the forces acting on all its 
parts is greater than any known material could withstand, 
and it would fly apart like an overstrained flywheel were it 
not held together by the mutual gravitation of its parts. 

Suppose the Earth were spherical and homogeneous. The 
resultant gravitational attraction of all its parts upon M 
would be directed to the center C. The centrifugal acceleration 
Jl/N is, according to the principle of the parallelogram of forces 
(page 204), the equivalent of two accelerations, represented by 
the sides MV and MH of a rectangle of which MS is the 
diagonal. The first of these is directed away from C and is 
overpowered by the gravitational attraction, its only effect 
being to reduce the weight of the body M ; but the component 
Mli acts at right angles to the gravitational attraction, 
tending to make the body slide along the surface of the sphere 
toward the equator, and has only the rigidity of the planet to 
resist it. 1 he result is that the Earth, instead of being an exact 
sphere, is bulged at the equator and has approximately the 
form of an oblate spheroid. 

An oblate spheroid is the solid figure generated when an ellipse (page 97) 
is rotated about its minor axis. Rotation of an ellipse about its major axis 
generates a prolate spheroid. The former is shaped somewhat like an orange 
or pumpkin, the latter like a football or an airship. 

The effect of the Earth’s rotation upon its form is illustrated by the simple 
piece of apparatus shown in Fig. 4.1. 

By gravitation is meant the universal attraction of all particles 
of matter for each other, which trill be discussed in Chapter 
X. Gravity is the resultant effect of the Earth’s gravitation 
and its centrifugal acceleration. Gravity is measured by 
the acceleration produced in a freely falling body, which is about 
thirty-two feet (981 cm.) per second per second — that is, a 
body fa 1 ling under the influence of gravity alone increases its 
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velocity by thirty-two feet per second during each second of 
its fall. This acceleration is commonly denoted by g. The 
weight of a body is its mass multiplied by g. The value of g 
is greater at the poles than at the equator by about i/igo of 
itself; hence, an object that weighs 190 pounds at the pole 
would weigh only 189 at the equator (if weighed on a spring 
balance). One pound in 289 of this difference is due to centri¬ 
fugal force; the remainder, about one pound in 555, is due to 
the difference of the attractive power of the Earth, which 
depends on the fact that the equator is farther from the center 
of the planet than is the pole. 



Fig. 41. A Rotating Sphere Becomes Oblate (From Young's Manual of 

>1 sironomy) 

Determination of the Earth’s Form by Pendulum Observa¬ 
tions. —In the year 1672 Jean Richer, a French astronomer, 
was sent by Louis XIV on an expedition to the island of 
Cayenne and took with him a clock whose pendulum was 
regulated to beat seconds in Paris. He found from time- 
determinations by astronomical methods that in Cayenne this 
clock lost about two and a half minutes a day, although the 
length of the pendulum had not been altered. It is well known 
that the time of swing of a pendulum depends only on its 
length and the value of g, being for a simple pendulum, 

t = w vT/g, 

where l is the length of the pendulum. Since l had not changed, 
the change in T must have been due to a variation in g; and 
it was in this way that the difference in gravity at different 
parts of the Earth’s surface was discovered. 
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The part of this difference that is due to centrifugal force 
can be calculated by the formula on page 59, so that from 
pendulum observations the effect upon gravity of changing 
distance from the center of the Earth can be ascertained and 
from this the form of the Earth deduced. The result is expressed 
in terms of the oblateness of the Earth, which means the 
fraction obtained by dividing the difference between the 
equatorial and polar diameters by the equatorial. The most 
reliable observations indicate for the Earth an oblateness of 


u = 1/297. 

Geographic Co-ordinates.-The position of any place on the 
surface of the Earth is completely described by stating its 
co-ordinates in the geographic system—that is, its longitude 
and latitude. For example, if a ship in distress sends out a 
radio SOS call accompanied by a statement of its longitude 
and latitude, its distant rescuers know at once what course to 
pursue in order to reach the spot. Since the Earth is not a sphere, 
it is best not to attempt to define these co-ordinates as arcs of 
circles as we defined the co-ordinates in the various celestial 
systems in Chapter I, but rather as angles. 

The points where the Earth’s axis pierces the surface of 
the spheroid are called the north and south terrestrial poles. 

1 he surface is cut along meridians by planes that intersect one 
another along the axis, and on parallels of latitude by planes 
perpendicular to the axis. The parallel of latitude that lies 
midway between the poles is the terrestrial equator. 

1 he longitude of a point on the Earth’s surface is the angle 
between the plane of its meridian and the plane of the meridian 
of some place chosen as a standard—called the prime meridian. 
Civilized countries have now agreed to use as a standard the 
meridian of the Royal Observatory at Greenwich, England, 
-ongitude is counted either in degrees or in hours, and either 
east or west of Greenwich up to 180 0 . 

1>C n0tCd th j‘! lon e* tude is defined «s a dihedral, or wedge angle 

tho “ ° r 

The astronomic latitude of a place is the angle between the 
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plane of the equator and the direction of gravity at the place. 
The geocentric latitude is the angle between the plane of the 
equator and a straight line passing from the place to the center 
of the Earth, The difference between them is caused by the 
oblateness of the Earth, and amounts at its greatest to about 
11'. The two kinds of latitude are illustrated in Fig. 42, in 
which the departure of the Earth’s form from a sphere is of 
course greatly exaggerated, and in which the astronomic lati¬ 
tude is indicated by 0 and the geocentric by 0'. 

Reference is sometimes made to a geographic latitude, defined as the angle 
between the plane of the equator and a normal to the standard spheroid. 
It differs from astronomic latitude only by the effects of local deviations of 
the direction of gravity caused by the attraction of mountains, etc.—never 
by more than 30" or 40". 




Pic. 42. Astronomic and Fig. 43. Equality of Latitude 

Geocentric Latitude and Pole Height 

The Astronomic Latitude of the Observer Equals the Alti¬ 
tude of the Celestial Pole.—In Fig. 43 let 0 be the place of 
an observer on the Earth’s surface, C the center of the Earth, 
and CP the Earth’s axis. The plane of the paper trill then be 
the plane of the observer’s meridian, and this meridian may 
itself be represented by a nearly circular ellipse passing through 
O and with center at C. Draw CE perpendicular to CP ; by defi¬ 
nition, CE is then the intersection of the plane of the equator 
with the plane of the meridian. Let ZO be the direction of grav¬ 
ity at O and let it intersect CE at Q. By definition, the angle 
ZQE, or 0, is the astronomic latitude of 0 , and OZ is directed to 
the observer's zenith. Draw OH perpendicular to OZ ; by defini¬ 
tion it is directed to the observer's horizon. Draw OP* parallel 
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to CP; it meets the infinitely distant surface of the celestial 
sphere at the same point as does CP, and is therefore directed 
to the celestial pole \ The angle P'OH, or a, is subtended on 
the celestial sphere by the arc of a vertical circle included 
between the pole and the horizon, and is therefore the altitude 
of the pole. But the sides of the angles a and ^ are, respectively, 
perpendicular, and therefore the angles are equal; hence, we 
have the important relation: The observer’s astronomic latitude 
is equal to the altitude of the celestial pole. Q. E. D. 

Right, Parallel, and Oblique Spheres.—At the Earth's 
equator, the latitude is zero and both celestial poles lie upon 
the horizon. The celestial equator coincides with the prime 
vertical, all diurnal circles intersect the horizon at right angles, 
and each star is above the horizon just twelve sidereal hours 
(neglecting refraction) and below for the same length of time. 
This aspect of the heavens is called the right sphere. The 
term right ascension of a star was originally defined as the 
degree of the celestial equator, counted from the vernal 
equinox, that rises with the star in a right sphere. A little 
reflection will show that this is equivalent to the definitions 
given in Chapter I. 

At the Earth’s pole the latitude is po° and the celestial pole 
appears at the zenith. The celestial equator coincides with 
the true horizon and each star sails around the sky on an 
almucantar, parallel to the horizon. This appearance of the 
sky is called the parallel sphere. 

In intermediate latitudes, the diurnal motion is oblique to 
the horizon as it was described in Chapter 1 , the celestial pole 
being the more elevated the greater the latitude, and this state 
of affairs is called the oblique sphere. 

As the observer travels toward the pole, the circles of per¬ 
petual occultation and apparition (page iS) enlarge, approach 
each other, and become more nearly level until at the pole 
itself they coincide with the equator and horizon. At the pole, 

1 Because the pole is the "vanishing point" of the two lines. Suppose a line 
drawn from 0 to any point X of CP within a finite distance of 0 ; it would make 
a certain angle d with OP\ Now let X recede along CP. As it does so, 0 grows 
smaller, approaching zero as a limit. Hence, when X reaches the surface of the 
celestial sphere, 0-0 and the line is parallel to CP, coinciding with OP\ 
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the stars of half the sky never set; and those of the other half 
never rise. 

As the observer approaches the equator, the circles of per¬ 
petual occultation and apparition contract and move apart and 
finally become mere points coinciding with the poles. If the 
observer crosses the equator, they exchange places and the 
direction of the diurnal motion becomes reversed with respect 
to the horizon, being clockwise in the northern hemisphere and 
counter-clockwise in the southern. 

The ZPS Triangle- — As a plane triangle is made up of straight 
lines, a spherical triangle is made up of arcs of great circles on 
the surface of a sphere. The sides as well as the angles of a 
spherical triangle arc measured in degrees, and by the formulae 
developed in Spherical Trigonometry it is possible to compute 
any of the six parts (three sides and three angles) when any 
three are given. 

Denoting the three angles of any spherical triangle by A f B s and C and 
the opposite sides by a, 5, and c, the triangle can be completely solved by 
the three fundamental formulae 

cos a = cos h cos c +■ sin b sin c cos A, 
sin a cos B = cos b sin c — sin b cos c cos A, 
sin a sin B = sin b sin A . 

In many cases, the computation is shortened by judicious transformation 
of these formulas. Computation by logarithms is of course always employed. 

Many important problems in Spherical Astronomy require 
a transformation of co-ordinates in the horizon system to 
co-ordinates in the equator system, 
or vice versa, and involve the solu¬ 
tion of the triangle whose vertices 
are at the zenith, the pole s and 
some star— commonly called the 
ZPS triangle. Suppose the ob¬ 
server is in the northern hemi- 
sphere and that the star is north FlG ’ ^ The ZPS Tuangle 
of the equator and west of the meridian, as in Fig, 44. Repre¬ 
senting by <f> the astronomic latitude of the observer and by 
5 , t, k, and A, respectively, the declination, hour angle, altitude, 
and azimuth of the star, we have 
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Side P 7 , = go 0 — tj>, Angle P = t 

ZS = 90 0 - h, Z = i8o° - A 

PS = 9 o° - 5, 

The angle at 5 , between the vertical circle and hour circle of 
the star, is known as the parallactic angle. 

Determination of the Latitude of an Observatory.—The 
geocentric latitude of a place cannot be determined by direct 
observation, but is computed from the astronomic latitude by 
means of a knowledge of the figure of the Earth. There are 
many ways, of varying degrees of accuracy and convenience 
by which the astronomic latitude may be determined, each 
depending upon a measurement of the altitude of the pole or 
of its equivalent, the declination of the zenith. Of these we 
shall here describe only one, the method of circumpolar stars. 

This method consists of determining the altitude of the pole 
by observations with the meridian circle. In Chapter I we 
described this instrument and also the method by which the 
polar reading” is found from observations of a circumpolar 
star at its transits above and below the pole. In addition to 
this, for finding the latitude the exact reading of the circle 
must be obtained when the telescope is pointed to the horizon. 
The altitude of the pole and hence the latitude is then found 
at once by subtracting the two readings. It is not possible to 
locate the horizon accurately by a direct observation, and so 
recourse is had to the nadir reading, which is exactly go° from 
the horizon reading, and which is obtained as follows • A dish 
of mercury is placed below the axis of the meridian circle and 
the telescope is directed downward toward it. The light 
reflected from the lines of the reticle (which must be illuminated 
rom the side next the eye) and passing downward is made 
parallel by the objective, reflected by the bright surface of 
the mercury, and focused again by the objective in the plane 

°u the T ? tlcle ' The ‘ observer adjusts the instrument so that 
the reticle coincides with its own reflected image, in which case 
the line of sight is exactly vertical— i. e., the telescope is 
directed exactly to the nadir; for, by the law of reflection, the 
incident and reflected rays then both coincide with the normal 
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to the mercury surface, and this surface is precisely level 
because the mercury is a free liquid. 

The polar and nadir readings of every meridian circle in 
regular use are determined many times, so that the latitude of 
the instrument is well established. Latitudes determined from 
a good series of observations of this kind are reliable to about 
o'/o r — that is, to about one foot as measured on the Earth's 
surface. 

As compared with other accurate methods, the method of circumpolars 
has the advantage that it is independent of previous observations, as it is 
not even necessary to identify the star used for determining the polar read¬ 
ing; but it cannot be used at observatories near the equator and has the 
further disadvantage of requiring two observations twelve hours apart. For 
rapid and accurate determinations of latitude such as are needed, for ex¬ 
ample, in boundary surveys, the method introduced in 1845 by the American 
engineer Talcott is extensively used. It requires the use of a special instru¬ 
ment known as a zenith telescope, and although simple in principle, will not 
be discussed here. 

Variation of Latitude, — It was shown by the Swiss mathe¬ 
matician Euler in the latter part of the eighteenth century that 
if a rigid oblate spheroid be set in rotation about its shortest 
axis, it will continue to rotate uniformly about that axis as 
long as it is not acted on by any external force; but that if the 
rotation be started about any other axis, its axis of rotation 
will itself rotate about its axis of symmetry in a period that 
depends on the form, mass, and speed of rotation of the 
spheroid. In the case of the Earth (assuming perfect rigidity) 
this period should be 305 days. This does not mean that the 
Earth's axis of rotation should change its position with respect 
to the stars (though it does this, too — see Precession and Nuta¬ 
tion in Chapter IV), but that the Earth should so move that 
its poles must wander slightly upon its surface. Since the lati¬ 
tude of any place is reckoned from the plane of the equator 
and the equator is fixed with respect to the poles, any such 
wandering of the poles must result in a variation of latitude. 

A variation of latitude was actually detected about a century 
after Euler's work (1888) by Kustner and by Chandler. 
Chandler found from a laborious investigation of a great 
quantity of observations that the motion of the pole could be 












68 


ASTRONOMY 


regarded as the resultant of two, one of these being in an ellipse 
with a period of a year and the other in a circle with a period 
of 428 days.. The actual motion (Fig. 45) is very complicated 
but very, slight, the greatest departure of the pole from its 
mean position being less than forty feet, and resulting in a total 
variation of latitude of only about o'/6. 


-x 



+x 

5 ?; 45 ' The Movement of the Earth's Pole, 1912.0 1020.0 

O.OI- I FOOT OS' EARTHS SURFACE. POSITIVE X-AXIS is DIRECTED 
toward Greenwich. (Prom Jones’ General Astronomy.) 


The annual component of this motion of the Earth is probably 
due to meteorological causes such as the deposition of snow in 
one hemisphere in one half of the year and in the other during 
the other half. The other component may be due to the way 
m which the Earth originally started rotating, or possibly to 
some event in its past history that modified its rotation; if so, 
the difference between the 428-day period and Euler’s theoreti¬ 
cal 305 days is to be explained by the Earth’s not being perfectly 
rigid. 
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Time and Longitude.—As the subject of longitude is inti¬ 
mately connected with that of time, it is appropriate that we 
review and extend what was said in Chapter I about the latter 
before discussing methods of determining the former. By the 
word time is here meant the number of hours and subdivisions 
that indicate the time of day, and no discussion of the recondite 
subject of Time in the abstract or of its relations to Space is 
intended. The time of day is always equivalent to the hour 
angle of some reference point in the sky. Astronomers are 
accustomed to count the hours of the day from o to 24 instead 
of dividing the day into twelve a.m. hours and twelve p.m. 
hours. 

Sidereal time is the hour angle of the vernal equinox, or 
the right ascension of the meridian. The method by which it 
is determined by observations of stars with the transit instru¬ 
ment has already been described in Chapter I (page 28). 
This is the most accurate method known for determining time. 

True or apparent solar lime is the hour angle of the Sun. 1 It is 
the time shown by a correctly adjusted sun dial and differs 
from sidereal time by the right ascension of the Sun. 

The apparent motion of the Sun in the ecliptic, caused by 
the Earth’s orbital revolution, is not uniform, and even if it 
were, the Sun’s right ascension would not increase uniformly 
because the right ascension is counted along the equator, 
which makes an angle with the ecliptic of 2 3 jy 0 . The mean 
sun is a fictitious sun that moves in the celestial equator with 
the mean speed with which the true Sun moves in the ecliptic. 
Mean solar time is the hour angle of the mean sun. 1 

The equation of time is the difference between mean and 
apparent solar time. It amounts, at its maximum, to about 
sixteen minutes. The right ascension of the Sun and the 
equation of time depend upon the position of the Earth in its 
orbit and can be computed for any given instant from a knowl¬ 
edge of the position, form, and size of that orbit. They are 
given for every day of the year in the almanacs and ephe- 

1 These definitions refer to astronomic time, which is reckoned from noon. The 
Civil day begins at midnight, and to obtain civil time it is necessary to add 12 
hours to astronomic time. 
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merides published by the principal governments, such as the 

American Ephemeris and Nautical Almanac. 

Since the celestial meridian, from which hour angles are 
counted, is the trace on the celestial sphere of the plane of the 
observer’s terrestrial meridian, observers in different longitudes 
have different times at the same instant. Moreover, the dif¬ 
ference of their times is the same number of hours as the 
difference of their longitudes and the longitude of any place is 
the difference between the time at that place and the time at 

Greenwich. This may be seen in 
Fig. 46, in which O represents 
the center of the Earth, the inner 
circle the terrestrial equator, and 
the outer circle the celestial equa¬ 
tor. From the northern hemi¬ 
sphere, the rotation of the Earth 
appears counter clockwise and that 
of the heavens clockwise, as indi¬ 
cated by the arrows. Let E rep- 
Fig. 46. Tihe^amd Longi- reS ent the vernal equinox, M the 

mean sun, S the intersection of the 
real Sun’s hour circle with the celestial equator, G the intersec¬ 
tion of the meridian of Greenwich with the terrestrial equator, 
and F the point corresponding to G for any place other than 
Greenwich, By the definitions already given, we have 



Angle GOP = the west longitude of P 

GOS — Greenwich apparent solar time 
POS = local apparent solar time at P 
GOM — Greenwich mean solar time 
POM = local mean solar time at F 
GOE = Greenwich sidereal time 
POE — local sidereal time at P 


The angle GOP may be obtained by any one of the subtractions 
OOS — POS, GOM POM, or GOE — POE\ hence, the longi¬ 
tude of F from Greenwich is equal to Greenwich time minus 
the time at the place, whether the time used be sidereal, 
apparent solar, or mean solar. 
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Standard Time.— Prior to the year 1883, the people of the 
United States used the local mean solar time of the cities in 
or near which they lived, as was natural before the advent of 
rapid means of transportation. With such a system it was 
necessary for a traveler, in order always to have the “right” 
time to change his watch at the rate of about one minute 
for every ten miles traveled eastward or westward. Each 
railroad had its own arbitrary time system in which trams 
were scheduled throughout the length of a line or division, 
and in most of the towns along the way two kinds of time 
were recognized—“Sun time” and “railroad time.” 

In November, 1883, the railroads of the United States 
agreed to adopt a system of standard time by which four 
standard meridians were established in longitudes exactly five, 
six, seven, and eight hours west of Greenwich, respectively. 
The country was then divided into four belts having these 



meridians approximately central, and the railroads of each belt 
agreed to use the time of the corresponding meridian. 'I his 
system was legalized by Congress the following year, and stand¬ 
ard time based similarly on Greenwich mean time has since been 
adopted in all the important countries of the globe. 
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The four standard times of the United States are: 

Eastern time = Greenwich mean time - 5 hours 
Central time = Greenwich mean time - 6 hours 
Mountain time = Greenwich mean time — 7 hours 
Pacific time = Greenwich mean time - 8 hours 

The actual boundaries of the time belts are somewhat irregular, 
t c change from one standard to another being ordinarily 
made at an important city or at the end of a railway division. 
They are shown in Fig. 47, which is corrected for readjust¬ 
ments made in 1919. 

The Date Line. —Traveling westward from Greenwich, one 
passes through regions where the time is increasingly less than 
Greenwich mean time, and traveling eastward he finds the time 
increasingly greater than Greenwich. Just east of the iSoth 
meridian the standard time is twelve hours less than Green¬ 
wich, and just west of that line it is twelve hours greater. 
These two regions thus have times differing by a whole day,' 
and in passing from one to the other it is necessary to change 
the date. Suppose a ship sailing eastward arrives at this date 
line on the evening of December 25; the date in the log is 
changed to December 24 and the next day the crew may claim 
a second Christmas dinner. A ship that reaches the date line 
on a westward voyage just before midnight on December 24 
misses Christmas, for the date is changed to December 25 and 
shortly after, at midnight, it becomes December 26. Were it 
not for this change of date, a person traveling around the globe 
would find upon his return that his reckoning differed by a day 
from that of his friends at home. The date line does not follow 
exactly the course of the 180th meridian, but, like the bound¬ 
aries of the time-belts in the United States, is somewhat 
irregular. Its exact location depends upon the reckoning 
adopted by the inhabitants of the adjacent lands, which are 
mostly small islands. 

Distribution of Time by Telegraph and Radio.—Time is 
distributed telegraphically from a number of large observa- 
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tones, of which the most important in the United States is the 
Naval Observatory at Washington. Here the error of a very 
accurate sidereal clock is determined regularly by observations 
of. the stars with the six-inch meridian circle and a record kept 
of both the error and the rate of its change. Shortly before 
noon every day, the Eastern standard time corresponding to 
a certain reading of this clock is computed from its known error 
and from the data given in the American Ephemeris, and a 
mean-time “distributing clock’’ is adjusted to within a few 
hundredths of a second of the correct Eastern standard time. 
The distributing clock is pro¬ 
vided with a device for break¬ 
ing an electric circuit at the 
beginning of each second. Five 
minutes before Eastern stand¬ 
ard noon, this circuit is con¬ 
nected through a relay with the 
lines of the Western Union 
telegraph system, on which all 
other business is suspended, and 
the sounders in all the stations 
of this company are thus made 
to tick in unison with the clock. 

The circuit-breaker omits from 
each minute the ticks corre¬ 
sponding to the twenty-ninth 
second and to those from the fifty-fifth to the fifty-ninth, in¬ 
clusive ; and from the last minute before noon it omits the ticks 
of the fiftieth to fifty-ninth, inclusive, and gives a final tick at 
the instant of twelve o’clock. These signals may be received 
on the west coast at 9 a.m. Pacific time, apparently three hours 
before they were sent out in Washington. By the intervals of 
silence where ticks are omitted, any second in the five minutes 
can be easily identified, and many opportunities are given dur¬ 
ing the five minutes for comparing a watch or other timepiece 
with the Washington clock. Similar signals arc broadcast by 
radio by a number of stations in the United States at noon 
and at 10 p.m., and time signals of a different arrangement are 



Fig. 48. Diagram of Washington' 
Time Signals (from Circular 
No, st of the U. S. Bureau of 
Standards) 
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broadcast from a number of foreign stations, the most famous 
of which is the one at the Eiffel Tower in Paris. 

Determination of Longitude. — To determine the longitude of 
a place where the standard time signals can be received— and, 
with a good radio receiving set, this includes practically every 
place on the Earth — it is only necessary to determine from 
observation of the heavenly bodies the local mean solar time 
at the instant the signals are received. This usually involves 
transit observations of stars and the use of a clock whose rate 
can be relied upon for the interval between the observations 
and the reception of the signals. The difference between the 
local mean time of reception and the time indicated by the 
signals is the difference between the longitude of the standard 
meridian and that of the place of observation. The possible 
sources of error are the error of the distributing clock, which is 
seldom more than a tenth of a second ; the time of transmission 
of the signals which is exceedingly small since radio waves are 
propagated with the speed of light; and the error of the local 
time determination. 

When it is desired to obtain the longitude of a point with the utmost 
accuracy, observers arc stationed both at that point and at a point whose 
longitude is already known, and the time of reception of signals from some 
station is determined by local clocks whose errors are found from transit 
observations of stars. The times of the stars’ crossing of the lines of the 
reticles are recorded electrically on a chronograph and the “personal errors" 
of the observers are eliminated, either by repeating the work after inter¬ 
changing observers or by using some form of transit micrometer, Space 
does not permit of a description of these instruments here. 

Before the advent of radio telegraphy, telegraph wire lines 
or cables were used, and before that, observations of celestial 
phenomena such as the eclipses of Jupiter’s satellites or, for 
short distances, artificial signals such as flashes of gunpowder. 
The difficulty in the use of eclipses as signals is that they are 
not sufficiently sudden in their occurrence. 

Instruments of Navigation.—Probably the most frequent 
practical” application of a knowledge of Astronomy is found 
in the art of navigation. From a position out of sight of land, 
the view from a ship is the same in every direction except for 
the heavenly bodies, and so it is upon these that the navigator 
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relies for knowing his position on the Earth and the direction 
he must take to reach his destination. 

Since about 1918, position-finding by wireless telegraphy has been to some 
extent employed, and it is not unlikely that this method may supersede the 
astronomic ones. 


The principal problems that confront the navigator are the 
determination of the position of his ship — that is, her latitude 
and longitude — and .that of the direction and speed of the 
ship’s motion. The position is determined by observations of 
the stars, or more often of the Sun. Up to the middle of the 
eighteenth century, the instrument used for this purpose was 
some form of the astrolabe or the cross-staff; since then the 
sextant has been almost universally used. The direction of 
the ship’s course is found by the 
compass, and the speed by some 
form of “log" or, in the case of 
modem steamships, by counting 
the revolutions of the screw. 

The sextant is a small, light in¬ 
strument that can easily be held 
in the hand. It is represented in 
Fig. 49. The circular arc, T, 
about 60 0 long, is graduated to 
half-degrees which are numbered 
as whole degrees; the sextant can 
measure an angle as large as 120°. 

At the center of the circle is pivoted the index-arm M N, which 
carries the index-mirror M and the index or .vernier N which 
reads usually to 10". The horizon-mirror H is attached to the 
frame in such a position that when the index reads zero the 
horizon-glass and index-glass are parallel. The horizon-glass 
is of about twice the height of the index-glass, and only the 
lower half is silvered, the upper half remaining transparent. 
At E is a small telescope directed to the horizon-glass. 

The sextant may be used for measuring any angular distance, 
but its most common use is for finding the altitude of the Sun. 
With the index near zero, the observer holds the instrument so 
that the telescope points to the Sun, of which two images 



Fig. 49. The Sextant 


V 
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appear, one seen directly through the clear half of the horizon- 
glass and the other by reflection, first from the index-mirror to 
the horizon-mirror, and then from the latter to the eye. Then, 
keeping the doubly reflected image in the field of view by 
moving the index-arm with his left hand, the observer lowers 
the line of sight of the telescope until he sees the horizon 
through the horizon-glass and adjusts the index-arm until, as 
the instrument is rotated slightly about the axis of the tele¬ 
scope, the arc in which the Sun appears to swing comes tangent 
to the horizon; the reading of the index is then the angular 
distance of the Sun's limb from the apparent horizon. To get 

from this the true altitude of the 
Sun’s center, corrections must be 
applied for dip of the horizon, 
atmospheric refraction, parallax, 
and the Sun’s semi-diameter. 

That the measured altitude is twice the 
angle HQ'M (Fig. 50) between the 
mirrors, which is the angle passed over by 
the index from zero, is demonstrated as 
follows: 

I>et PQ and HQ be the normals to the 
index-glass and horizon-glass, respec¬ 
tively; O/IE the line of sight from the 
horizon; and SMHE the ray of sunlight reflected by the two mirrors to the 
eye. By the law of reflection the angles marked x are equal to each other, 
and the same is true of those marked y. But 2x is exterior to the triangle 
//d/£. and therefore the angle E, which is the apparent altitude of the 
Sun’s limb, is equal to 2x — 2y. Similarly, since the lower * is exterior to 
the triangle 11 MQ, the angle Q = x — y. Hence E = 2 Q. But Q = Q' since 
the sides of Q are perpendicular to those of Q'\ therefore E = 2Q'. Q.E.D, 

The magnetic compass consists of a steel bar, or set of bars, 
strongly magnetized, and attached to a graduated circular card 
which is pivoted at its center in a hemispherical bowl. The 
bowl is swung on gimbals so as to maintain a horizontal posi¬ 
tion however the ship may roll or pitch, and on the inside are 
painted two black lines that mark the direction of the ship’s 
keel; the one toward the bow is called the lubber’s line. 
The magnetized bar being held in the magnetic meridian by 
the force of the Earth’s magnetism, the graduation of the card 



Fig. 50. Principle of the 
Sextant 
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indicated by the lubber's line is the magnetic bearing of the 
ship’s course. As it is only in a few parts of the Earth’s surface 
that the lines of magnetic force are due north and south, this 
usually differs by some degrees from the true azimuth; but 
the compass variation has now been determined in most parts 
of the Earth, and is given for different localities by charts. 
The gyroscopic compass, which depends for its action on the 
directive effect of the Earth’s rotation upon the axis of a rapidly 
rotating, delicately balanced, massive wheel, gives directly the 
true azimuth of the ship’s keel. 

There are many types of log for measuring the speed of a 
ship. The simplest and most primitive, which is still used on 
some sailing vessels, consists essentially of a wooden “log chip’’ 
with a knotted line attached to it, which is thrown overboard. 
The chip being left behind, the line is drawn across the rail 
and the speed is determined by counting the knots that pass 
over in an interval of time that is measured by a sand-glass 
resembling the fabled one carried by Father Time. 

The unit of speed is the knot, which is a speed of one nautical mile per 
hour* A nautical mile is the length of a minute of arc measured on the 
Earth's meridian; on account of the Earth’s ohlatcncss this length varies 
from 6,046 feet at the equator to 6,ioS feet at the poles. For practical 
purposes it is taken as 6,oSo feet. The distance tjetween the knots tied in 
the log-line is such that the num1>er that pass the rail while the sand is run¬ 
ning out equals the speed of the ship in knots. 

Latitude by Meridian Altitude, — Latitude is determined at 
sea most simply by measuring the meridian altitude of the Sun. 
A few minutes before apparent noon, the navigating officer 
brings the image of the Sun’s limb into coincidence with the 
horizon in the field of his sextant, and keeps it there by slowly 
moving the index-arm until the altitude ceases to increase. 
This moment of maximum altitude is apparent noon and the 
Sun is on the meridian. The reading of the sextant, corrected 
for dip, refraction, parallax, and semi-diameter, is the Sun's 
true meridian altitude, and subtracting this from 90° gives 
its zenith distance. In Fig. 51, let the semicircle represent 
the visible half of the meridian, 0 the observer, S the Sun, Z 
the zenith, P the pole, E the intersection of the meridian and 
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the celestial equator, and H and N the south and north points 
of the horizon, respectively. The ship’s latitude, being equal 
to the altitude of the pole, is represented by the arc PN; the 
zenith distance of the Sun is SZ\ and its declination is ES. 
The arc EZ, the declination of the zenith, is equal to PN and 
therefore to the latitude; for each equals go 0 minus the arc 
PZ. But EZ = ES + SZ or, in the customary symbols, 

0 = i" + 5 , 

where 0denotes the ship’s latitude, 
? the zenith-distance of the Sun, 
and 5 the Sun’s declination. This 
latter quantity is given for every 
day of the year in the nautical 
almanacs published by the princi¬ 
pal governments, having been computed from the elements of 
the Earth’s orbit. If the Sun be south of the equator, its de¬ 
clination is negative, and the equation still holds; and if we 
agree that zenith distances shall be + when the Sun is south of 
the zenith and — when it is north, the equation becomes of 
universal application. A star or other object whose declination 
is known may be and often is substituted for the Sun. 

Time by Altitude Observation and Solution of the ZPS 
Triangle. — The moment of noon cannot be sharply determined 
by observing the Sun’s altitude because the altitude is nearly 
the same during several minutes before and after noon. Time 
is determined at sea by observing the Sun or other heavenly 
body when it is several hours east or west of the meridian. The 
apparent altitude is measured with the sextant and the usual 
corrections applied, giving the quantity h in the ZPS triangle 
(page 65). The declination 5 is given by the Nautical 
Almanac and, if the latitude 0 is known by a previous obser¬ 
vation, the hour-angle i may be computed. From the formulae 
of page 65 may be obtained by a rather long transformation 
the formula that is most convenient: 

. sin K[r +(*-«)! sin #[!■-{*- 3 )] 

sin = ---- - 



uias' Altitudes 
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The object usually observed for time is the Sun, and the 
resulting hour-angle is the apparent solar time. Since the 
latitude observation is made at noon and the time observation 
several hours before or afterward, the change of the ship s 
latitude must be allowed for by the observations with log and 
compass, a process known as dead reckoning. If a star is 
observed for time, its right ascension must be added to the 
hour-angle found, giving sidereal time. 

Longitude by Chronometer,—Every sea-going vessel carries 
one or more chronometers, large, accurately made watches 
which are mounted on gimbals to prevent their partaking of the 
rolling of the ship and which are regulated to mean solar time. 
Before leaving port the error of the chronometer on Greenwich 
mean time, and the rate of change of that error, are carefully 
determined; and since the advent of wireless telegraphy it is 
possible to keep account of the error throughout the voyage 
by the time signals broadcast from various stations. To deter¬ 
mine the longitude, the chronometer reading is noted at the 
moment the time observation is made. The apparent solar 
time found by the observation is reduced to mean solar time 
by applying the equation of time given in the almanac; and 
the difference between this local mean time and the Greenwich 
mean time given by the chronometer is the required longitude. 

In the early days of navigation, no portable timepiece that 
could be depended on throughout a long voyage had been pro¬ 
duced, and the accurate determination of longitude was 
impracticable. Had Columbus been able to determine his 
longitude, be would not have mistaken America for the East 
Indies, but would have recognized it as a new land. Long 
after Columbus’s time, a shipmaster sailing from Liverpool to 
Rio dc Janeiro, for instance, would sail in a generally south¬ 
westerly direction until he reached the latitude of Rio, and then 
sail westward until he sighted land, having in the meantime no 
dependable knowledge of his distance from port. 

Methods of Sumner and Marcq St. Hilaire.—The method of navigation 
just descriljed, in which the latitude and longitude are found from separate 
observations, has l>ecn largely superseded by a method named for Captain 
Sumner of Boston, who first used it in 1837. The Sun’s zenith distance, 
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given by the sextant observation, determines a circle of position on the su - 
face of the Earth, at some point of which the ship is situated. Observation 
of a second heavenly body, or a later one of the Sun, gives a second circle 
of position, and the intersection of the two circles, if the ship has not moved 
between the two times of observation, is the position of the ship. If the 
ship has moved, her motion may be allowed for by dead reckoning. A little 
reflection will show that the center of the circle of position, called the sub¬ 
solar point, is the point where the Sun is at the zenith; the longitude of the 
sub-solar point is the Greenwich apparent time, which may lie found from 
the chronometer reading by applying the equation of time; and its latitude 
is the Sun’s declination. Prom these data, the circles of position might be 
plotted on a terrestrial glotie; but a globe of sufficient size would be incon¬ 
venient, and a Mercator chart' is used instead, only a small portion of the 
circle of position being plotted, and this portion being drawn as a straight 
line. 

Sumner s method, hns been further improved by Marccj St* HiJuire, a c&p^ 
tain in the French navy. For the details of the two methods the reader 
must be referred to works on Navigation and Nautical Astronomy. 

The Loxodrome or Rhumb Line; Great Circle Sailing—It 

might at first sight be supposed that, to sail from San Francisco 
to Yokohama, which is in nearly the same latitude, the shortest 
route would be straight westward, along a parallel of latitude. 
This is not the case, because the shortest distance between two 
points on the surface of a sphere is an arc of a great circle, 
while the parallel of latitude passing through either of the above 
cities is a small circle. A course which has throughout its 
length the same azimuth (that is, makes the same angle with 
every meridian crossed) is called a loxodrome or rhumb line. 
On a Mercator chart it is represented by a straight line, but due 
to the convergence of the meridians it is in reality a spiral, and 
a ship that followed such a course indefinitely would (unless 
the angle with the meridian were o or 90°) approach the pole 
as a limit, making around it an infinite number of turns. 
Modem vessels on voyages between distant ports usually 
follow arcs of great circles. The great-circle course from San 
Francisco to \ okohama leaves the former port in almost a 
northwesterly direction, reaches a point as far north as Seattle, 

1 A Mercator chart represents the meridians and parallels of latitude as straight 
lines, the parallels intersecting the meridians at right angles. .Since the terrestrial 
meridians really converge to the poles, the map is badly distorted in the jwlar 
regions. The name Mercator is the Latinized form of. the surname of Gerhard 
Kramer, a Flemish mathematician employed by Charles V of Spain to make 
maps for the use of his sailors. 
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and bends southward again, arriving at Yokohama in a south¬ 
westerly direction; but it is only 4,536 miles long, whereas the 
Mercator course is 4,799. 

Measurement of the Size of the Earth.—The first intelligent 
estimate of the size of the Earth of which we have any record 
is that of Eratosthenes of Alexandria (c. 250 b.c.), the under¬ 
lying principle of whose method is essentially that of the best 
modem determinations. He found that, at Syene, a place 
almost directly south of Alexandria, at noon of the day of the 
summer solstice, the Sun cast no shadow in the bottom of a 
well and was therefore in the zenith; while at the same time 
its zenith distance as measured at Alexandria was 15' or 
one-fiftieth of a circumference. Since the Sun is so distant that 
its rays reaching the two places 
are sensibly parallel, this angle, 

0 , is equal to the angle between 
vertical lines drawn at the two 
cities, as is evident in Fig. 52. 

If the Earth is spherical, as 
Eratosthenes believed it to be, 
these lines meet at its center 
and the angle is measured by 
the arc SA, which is therefore 

one-fiftieth of the circumference of the Earth. Using the value 
5,000 stadia as the distance between the two cities, Eratos¬ 
thenes calculated that the Earth’s circumference was 250,000 
stadia, a value that we are not in position to dispute because 
we do not know the length of his stadium. 

The angles made by the verticals CA and CS with the 
plane of the equator are, by definition, the astronomic lati¬ 
tudes of the two places of observation and hence the angle ACS 
is the difference of these latitudes. In modem measurements 
of the Earth, the latitudes of the two stations are determined 
with the greatest possible precision, usually by the employment 
of the zenith telescope; and the length of the arc of the Earth’s 
meridian included between their parallels of latitude is deter¬ 
mined by the process of triangulation. 

Suppose that the latitudes of the points A and B (Fig 53). 



Fla 52. Eratosthenes' Deter¬ 
mination of the Size of the 
Earth 
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wma > T several hundred miles apart, have been accurately 
measured. To determine the length of a degree of the Earth’s 
surface, and from this the size of the Earth, it is necessary to 
know the distance aB, in miles or kilometers, between the 
parallels of latitude of the two stations. The direct measure¬ 
ment of so great a distance would involve great difficulties, but 
in the method of triangulation the only direct measurement of 

length that is necessary is that 
of the comparatively short base 
line, H K. This line is laid off 
on carefully leveled ground, its 
ends are indicated by permanent 
marks on stone or concrete, and 
its length is carefully measured. 
In the recent work of the United 
States Coast and Geodetic Sur¬ 
vey, the measurement of the 
base line is made with steel tape 
of known temperature, and the 
distance between two marks ten 
miles apart is determined with 
an error not exceeding a few 
millimeters. In the remaining 
operations, points C, D, F, etc., 
are chosen which are each visi¬ 
ble from at least two other points 
of the series and which are as 
definitely marked as are H and 
K. The lines joining these 
points thus form a network of triangles joining A and B, the 
angles of which, and also the azimuths of many of the lines, are 
measured with accurate theodolites. For example, the theodo¬ 
lite is set up over the point K and its telescope directed first to 
H and then to C, when the difference of the readings of the 
horizontal circle gives the angle H KC. The azimuth of KC 
is i8o° plus the difference of the circle readings when the tele¬ 
scope is directed, first to C and then to Polaris at the time of 
its meridian passage. Having the length HK and the angles 



Fig. 53. A Tri angulation 
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of the triangle H KC, the sides HC and KC are computed by 
trigonometry; these then serve as known lengths for solving the 
triangles MAC and CKF, and so on until the chain is completed. 
The desired length aB is the sum of the projections ac, ck, kf, 
etc.,'of the lines AC, CK, KF, etc., upon the meridian, the 
length of each projection being that of the corresponding line 
multiplied by the cosine of its azimuth. The distance aB divided 
by the number of degrees in the difference of latitude between 
A and B is the length of a degree; and, on the assumption of 
a spherical Earth, this number multiplied by 360 is the Earth’s 
circumference. 

The method of triangulation was first applied in 1617 by Snell, who made 
a series of measurements in the flat country of Holland from which he de¬ 
duced a length of the degree of about sixty-seven miles, a value later changed 
to about sixty-nine miles by one of his pupils, who found an error in the 
original calculations. In 167 1 Picard, from measurements made near Paris, 
derived a length of about sixty-nine miles, and it was this determination 
that enabled Newton to verify the law of gravitation (page 209). 



The Form of the Earth.—It was inferred by Newton from the 
the fact of the Earth's rotation and has been proved by pendu¬ 
lum observations (page 61), that 
the Earth is not spherical, but ob¬ 
late. The mean surface of the 
Earth (neglecting such minor ir¬ 
regularities as mountains and 
valleys) is a level surface, and so 
the direction of gravity at any 
place is normal to the surface of 
the spheroid; hence, vertical lines 
at two places near the equator 
must converge to a point C\ (Fig. 

54) which lies between the surface and the Earth’s center, 
white verticals near the pole meet at C«, beyond the center. 
For a difference of latitude of one degree, therefore, the distance 
between two stations near the pole must be greater than that 
between two stations near the equator; and this is what is found 
by actual measurement. 

In the early part of the eighteenth century, Cassini was of the opinion 
that the opposite was true and that the Earth was prolate; but Picard's 


Fig, 54, Length or a Degree 
on the Surface of a 
Spheroid 
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arc was extended to Q° In France, and other arcs were measured by French 
astronomers in Peru and Lapland, and by 1745 these measures had estab¬ 
lished beyond a doubt that the degree of latitude increases in length from 
the equator to the pole* In the last century extensive arcs have lx*en meas¬ 
ured in many different countries and the form and size of the Earth deter¬ 
mined with great accuracy. 

From the way in which the length of a degree varies in 
different parts of the Earth’s surface the precise form and size 
of the Earth is computed, but the process is too complicated 
to be described here. The most reliable measurements do not 
fit exactly into any mathematical figure. The equator at sea 
level is almost, but not quite, a circle, and each meridian is 
vciy nearly, but not quite, an ellipse, the departures from these 
curves being much less than a mile. The results of the very 
extensive measurements of the United States Coast and 
Geodetic Survey are summed up in Hayford's Spheroid of 
1909, from which are derived the following dimensions of the 
Earth: 

Equatorial Radius, a = 6,378.388 km. — 3,963.34 mi. 

Polar radius, h = 6,356.909 km. = 3,949.99 mi. 

Flattening, {a ~ b)/a = 1/297 

and the following values of the length of a degree in various 
latitudes: 


Latitude 

o° 

15 

30 

43 

60 

90 


Length of a Degree 
68.708 miles 
68.757 
6S.882 
69.056 
69.231 
69.407 


The Theory of Isostasy.—It was suggested by British 
geodesists in the middle of the nineteenth century, and has 
been established by Hayford from measurements in the United 
States, that the departures of the figure of the Earth from a 
perfect oblate spheroid are due to the fact that the outer 
portion of the body of the Earth is not homogeneous, and that 
the higher portions, such as the continents, are composed of 
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and underlaid by material of lesser density, while the depressed 
portions, such as the floors of oceans, are composed of denser 
stuff. In other words, the continents rise above the level of 
the ocean because they are floated. This condition is known as 
one of isostasy or isostatic adjustment. 






CHAPTER IV 

THE ORBITAL MOTION OF THE EARTH 

The Sun’s Apparent Motion Explained by a Real Motion of 
the Earth.—In Chapter I (page 22) we described the apparent 
annual motion of the Sun among the stars, and remarked 
that this apparent motion is really due to an orbital motion 
of the Earth. This view was held as long ago as 2So b.c. by 
Aristarchus of Samos, but his successors, Apollonius, Hippar¬ 
chus, and Ptolemy rejected it in favor of the stationary Earth, 
and their ideas were held almost universally until the time of 
Copernicus (1473-1543). and pretty generally until at least a 
century later. 

That it is at least possible that the apparent motion of the 
Sun is produced by a real motion of the Earth around the Sun 
is shown in Fig, 55. Late in September, for example, the Earth 
is in such a position that the Sun appears in the direction of 
the stars of the constellation Virgo; Libra, on one side, and 
Leo, on the other, are too nearly in the Sun’s direction to per¬ 
mit their stars to be easily seen; Scorpius is visible only in the 
early evening, being juSt east of the Sun, and Cancer may be 
seen just before dawn, west of the Sun; while at midnight, the 
stars of Pisces, near the vernal equinox, are on the observer’s 
meridian. As the Earth moves in its orbit, with perfect 
silence and smoothness so that we are unaware of its motion 
except by observation of the heavenly bodies, the direction of 
the Sun from us changes, and by January it hides the stars of 
Sagittarius, Scorpius has apparently emerged upon the west 
side of the Sun and can be seen before dawn, Aquarius is low 
in the west at twilight, and Gemini is on the meridian at mid¬ 
night. The ecliptic, or Sun’s apparent path, is thus explained 
as the projection of the Earth’s orbit upon the celestial sphere 
as seen from the Sun, and, if we are to adopt the belief that 
the Earth moves, since the ecliptic is known to be a great circle, 
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we must admit that the Earth moves always in the same plane 
and that this plane passes through the Sun. 

The arc of the ecliptic, measured eastward from the vernal 
equinox to the apparent position of the Sun as seen from the 
Earth, is, according to the definition in Chapter I (page 24). 
the geocentric longitude of the Sun. Since, for an observer on 
the Sun, the Earth would appear exactly at the opposite point 
of the celestial sphere, the heliocentric longitude of the Earth 
differs from the geocentric longitude of the Sun by just 180 . 
About March 21, for example, the Sun appears at the vernal 
equinox and its geocentric longitude is therefore o°, while at 
the same time the Earth's heliocentric longitude is 180 0 . 

Proofs of the Earth’s Motion.—That, relative to landmarks 
among the stars, it is the Earth and not the Sun that moves in 
a great orbit is shown by three different phenomena, the dis¬ 
covery of which required exact measurement with instruments 
that were not available until long after the time of Copernicus. 
These are the aberration of light, discovered by the English 
astronomer Bradley in 1727; the annual parallactic displace¬ 
ment of the nearer stars, first detected by Bessel in Germany 
in 1837; and the annually periodic variation in the radial 
velocities of stars, which has been observed since the first work 
of Sir William Huggins on stellar spectra in 1864- It will be 
convenient to consider these proofs in the reverse order of 

their discovery. _ 

The Annual Variation in the Radial Velocities of Stars.—By 
the radial velocity of a star or other object is meant the rate 
at which the distance between the object and the observer is 
changing. If this distance is increasing, the radial velocity is 
said to be positive; if diminishing, negative. In such remote 
objects as the stars, the change of distance produced even in 
many centuries by any known velocity is not sufficient to make 
any perceptible change of brightness or appearance; but the 
radial velocity can be readily detected and measured by obser¬ 
vations on the stars’ spectra, as explained in the discussion of 
the Doppler-Fizeau principle in Chapter VII (page 158). In 
this way, the radial velocities of many stars and nebulae are 
determined to within a small fraction of a kilometer per second. 
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^ From a consideration of Fig. 55 it may be seen that, if the 
Earth revolves around the Sun, it will at some time of the year 
be traveling directly toward any given star on the ecliptic, 
while six months later it will be moving directly away from the 
same star. In October, for example, the orbital motion must 
carry us toward the stars of Gemini and away from those of 
Sagittarius, while in April the case must be reversed. Obser¬ 
vation shows that, although the stars have motions of their own 
in various directions, the radial velocity of those in Gemini is 
about sixty km./sec. greater, and of those in Sagittarius about 
sixty km./sec. less (having due regard to sign) in October than 
in Aprfi and that similarly, in other parts of the zodiac, there 
is a variation of radial velocity in harmony with the idea that 
the Earth revolves yearly in a nearly circular orbit and with a 
velocity of about thirty kilometers (eighteen miles) a second. 

This annual variation of radial velocity is of course less for stars that are 
not on the ecliptic, since they are not directly in the plane of the Earth’s 
motion. It is stnctly proportional to the cosine of the star’s latitude and 
vanishes at the ecliptic poles. Among the stars are many spectroscopic 
binaries (page 330), which have orbital motions of their own around com¬ 
panion stars and so periodically recede from and approach the Earth; but 
in every such case the radial velocity due to this motion of the star is super¬ 
posed upon that due to the orbital motion of the Earth, and the two effects 
can readily be disentangled* 

The Annual Parallactic Displacement of the Stars.—It was - 

remarked by Aristotle that, if the Earth traveled in a great 
erbit as Aristarchus believed it to do, we should be brought 
into different regions of the stars at different times of year, and 
this would change the appearance of the constellations. Not 
being able to perceive any such changes, Aristotle concluded 
that the Earth was immovable. His fallacy lay in his failure 
to appreciate the enormous distances of the stars. The fact is 
that the Earth’s motion does produce changes of apparent posi¬ 
tion, but the stars are so remote that these changes are too minute 
tobe detected except by careful measurements with the telescope. 

Suppose for a moment that a star were fixed at the point A 

Fig- 55 and that the other stars were all much more remote. 

If the Earth did not move, the star A would remain always in 
the same direction from us and would appear fixed among the 
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constellations; but if the Earth revolves in the orbit shown, 
the star A must, in October, appear among those of the con¬ 
stellation Gemini and in April among those of Taurus. This 
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Fig. 55. Annual Apparent Motion of the Sun 

apparent annual shift of a near star among its remote fellows 
is called its parallactic displacement. 



♦ pa* all** 


Fig, 56. Heliocentric Parallax 


The heliocentric parallax is the maximum value of the 
parallactic displacement, counted from the star’s mean position, 
and is the angle subtended at the star by the semidiameter of 
the Earth’s orbit (Fig. 56). The heliocentric parallax is in- 













!)0 


ASTRONOMY 


versely proportional to the distance of the star and its measure¬ 
ment affords the most direct means of determining that distance 
(page 299). Instead of being at the order of distance suggested 
in the figures, even the nearest star is so remote that its helio¬ 
centric parallax is very minute—only o','7 5 —and to draw Pig. 
56 in correct proportion would necessitate drawing a triangle 
more than a mile long, the diameter of the circle representing 
the Earth's orbit being a half-inch. All other known stars have 
still smaller parallaxes, and the vast majority of stellar paral¬ 
laxes arc too small for measurement even by the most modem 
methods. Enough, however, have been accurately measured to 
leave no doubt of their existence or of the motion of the Earth. 

The Aberration of Light.—Suppose that rain is falling 
vertically and that it is desired to catch a raindrop in a narrow, 
straight tube in such a manner that the drop will enter the 
center of the top and fall upon the center of the bottom with¬ 
out touching the side. If the tube be stationary, this can be 
accomplished by simply holding it in an upright position, as 
at A in Fig, 57. But suppose the tube to be held by a person 
who is walking toward our right. It is now necessary to incline 

the tube forward, as at B, at an 
angle «, such that, while the rain¬ 
drop is falling through the height V 
of the tube, the bottom moves a dis¬ 
tance u to the point vertically be¬ 
low the position that was occupied 
by the top of the tube at the mo¬ 
ment the raindrop entered it. The 
tube must thus form the diagonal 
of a rectangle of which the vertical and horizontal sides V and 
u are proportional to the velocities of the raindrop and tube 
respectively. The relation connecting the three quantities is 

u 

tan a = — 

or, if the person be walking very slowly so that u is minute 
compared with V, 



Fig. 57* Aberration 
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A similar effect, called aberration, is produced by the 
orbital motion of the Earth upon the apparent direction of the 
light that comes to us from a star. The place of the tube in 
the above illustration is supplied by a telescope in which it is 
desired to. catch the light-waves from a star in order that an 
image of the star may be formed upon the cross-wires or seen 
in the eyepiece. It is, in fact, necessary to direct the telescope 
ahead of the star’s true position by an angle a which is equal to 
uf V X 206,265", where u is the velocity of the Earth in its orbit 
and V is the velocity of light. If the Earth were fixed among 
the stars, this would not be the case, and if it moved forever 
uniformly in a straight line we should be unaware of the 
existence of aberration, since the displacement would be con¬ 
stant and we should be ignorant of the star’s true position. If, 
on the other hand, the Earth revolves in a closed orbit, the 
amount and direction of the effect of aberration on any given 
star must be different at different times of the year, and obser¬ 
vation shows this actually to be the case. 

The effect of aberration upon the apparent positions of stars in different 
parts of the sky may be studied in Fig. 5$, which represents the Earth's 
orbit as if seen from a point outside the plane of the ecliptic, with the Earth 
in four positions, A , B, C, and D. Rays of light are represented as coming 
from two stars: 5 s, at the pole of the 
ecliptic, and 5 *. on the ecliptic itself. 

When the Earth is at A, St is displaced 
toward the left to Si, but S 2 is not dis¬ 
placed at all because, as the Earth is go¬ 
ing straight to meet its light, the effect is 
the siime as if the tube, in the raindrop 
analogy, were carried endwise upward. s » 

At B< the Earth is moving at right angles 
to both light rays, and both stars arc 
displaced, by the same amount, in the Fig. 58. Aberration in Dif- 
dircetion of the imaginary onlooker. At fbrbnt Parts of the Sky 
C, the conditions are the reverse of those at A: Si is displaced 
toward the right, and not at all. At D , the conditions at B are 
reversed. A little thought will show that a star on the ecliptic, as 
seems to oscillate in a straight line through its true position, and that 
one at the pole of the ecliptic, as S it is always displaced, hut in an ever- 
changing direction, so that, in the course of a year, it appears to describe a 
small, closed orbit on the surface of the celestial sphere. Stars between the 
ecliptic and its poles describe closed aberrational orbits which vary' in form 
with the celestial latitude, as shown in Fig. 59. 































m 


ASTRONOMY 


The apparent displacement of a star, produced by aberration 
when the Earth, traveling at its mean speed, is moving at 
right angles to the star’s light, is called the constant of aber¬ 
ration. Observation shows that its value is very nearly 2o'.'5. 
The mean orbital velocity of the Earth is therefore 


206,265 

or slightly less than one ten-thousandth of the velocity of 
light. 

Determination of the Velocity of Light—To find out the 
Earth’s orbital velocity in miles or kilometers per second 
from the observed value of the constant of aberration, it is 
necessary to know V in similar units; and, as will be shown in 
Chapter VII (page 160), the velocity of light is 
needed also for the determination of the radial 
velocities of stars by spectroscopic observations. 

That light does not travel instantaneously was 
demonstrated in 1675 by Olaus Romer in Denmark 
by a careful study of the times of the eclipses of 
Jupiter’s satellites. Three of the bright satellites 
discovered by Galileo in 1610 are eclipsed (Fig. 
138) regularly at every revolution, and so by ob¬ 
serving the interval between eclipses during a given 
season Romer could predict the times of future 
eclipses. He found that, if the predictions were 
based upon observations made when the Earth 
was on the side of its orbit nearest Jupiter, the 
eclipses that occurred during the succeeding 
months came increasingly later than the predicted 
times until the Earth was on the opposite side of its 
orbit; then, as the Earth overtook Jupiter again, the error 
of the prediction diminished, and when the two planets 
were again at their shortest distance the eclipses were once 
more on time. Romer correctly attributed this apparent delay 
of the eclipses to the time required for the light reflected by the 
satellites to overtake the Earth, and concluded from his observa¬ 
tions that light requires about 600 seconds to travel the dis- 
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tance from the Sun to the Earth, a figure that has been changed 
by subsequent investigations to 499 seconds. 

This study is complicated by the fact that the motions of the satellites 
are disturbed by their mutual attractions, and is also rendered inaccurate 
by the slowness with which the disappearance and reappearance of the satel¬ 
lites take place which makes it impassible to observe the exact times of the 
eclipses. Moreover, to determine the velocity of light in this way one must 
know the distance from the Earth to the Sun in miles or kilometers, and 
this distance is not known so accurately as is the velocity of light as deter¬ 
mined by modem experimental methods; and so the problem is now reversed 
and the times of the Jovian eclipses are used for finding with greater accuracy 
the distance of the Sun. 

The experimental methods of determining V are based upon 
two devices, known as the methods of Fizeau and of Foucault, 
having been first used by those French physicists in 1849 and 
1850. The essential element in the former is a toothed wheel, 
and in the latter a rotating mirror. The principle of Fizcau’s 



Fig. 60. Fizeau’s Method of Determining the Velocity of light 

method is illustrated in Fig. 60. Light from a bright lamp at 
L is partly reflected and partly transmitted by the thinly 
silvered glass plate P. The reflected portion proceeds between 
two teeth of the wheel W to a distant mirror M, is returned to 
P, where it is again divided, and the transmitted portion of the 
returning ray is received by the observer’s eye at E. When 
the wheel is rotated, the light is interrupted and proceeds in 
flashes which, however, unless the speed of the wheel is very 
low, are too brief to be perceived, and the eye has the impression 
of a continuous beam. This is seen until the speed of the wheel 
becomes so great that, while the light travels from W to M 
and back, a tooth has moved to the position of the space 
through which the light passed and so stops it on its return, in 
which case no light is seen. If the speed is made twice as great, 
the flash that escaped through one space returns through the 
next and the light reappears. Knowing the number of teeth 
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on the wheel and also the speed when the light first disappears, 
the experimenter computes the time taken by a tooth in re¬ 
placing a space, which is the same as the time taken by light 
in traveling the double distance between W and M. 

In Foucault’s method, light from L (Fig. 61) falls upon a 
mirror AOB, which may be rotated about an axis parallel to 
its own plane, and is reflected to the distant mirror M which 
returns it to O. Unless the rotating mirror occupies the position 
AOB, the light will not be reflected by it to M, but in some other 
direction; if it does occupy that position, the returning beam 
will be reflected back to L. Suppose the mirror to be rotated 
slowly. A flash will be sent to M at each rotation, and will 
return to O and be reflected very nearly to L. Suppose the 



Fig. 6 i. Foucault’s Method or Determining the Velocity of Light 

speed to be increased so that, while the flash has traveled from 
0 to M and back, the mirror’s position has changed to A'OB'. 
The returning beam will then be reflected to S, and by measur¬ 
ing the angle LOS , the angle AO A' through which the mirror 
has turned (which is, by the law of reflection, just half as great 
as the angle LOS) can be determined ; and then, knowing the 
speed of the mirror in rotations per second, the experimenter 
can determine the time taken by it to turn through the angle 
AO A' and hence the time taken by light to traverse twice the 
distance OM. 

In the best determinations, the distance WM (Fig. fio) or Oil (Fig. 6 r 1 
is several miles, and the strength of the lieam is reinforced by means of con¬ 
densing and collimating lenses or mirrors. During the summers of 192r to 
1926, Michel son used a rotating octagonal mirror on Mount Wilson, which 
reflected a beam of light from a powerful arc lamp to Mount San Antonio, 
22.5 miles away, whence it was returned by a mirror and caught by the 
adjacent face of the octagon to be reflected to the eye. The distance between 
the mirrors was determined by triangulation by the United States Coast 
and Geodetic Survey with an error not exceeding one part in two million 
(alxjut a centimeter). The octagonal mirror, mounted on jeweled bearings, 
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was made to rotate by blasts of air which played upon metal vanes attached 
to its upper surface, and the speed was such (about five hundred rotations 
per second) that the impact of the air produced a shrill scream that could 
he heard over a distance of a quarter of a mile; and yet the speed of light 
is so great that it traveled forty-five miles while this mirror made one-eighth 
of a turn! 

Michelson’s result, which he believes to be correct within one 
part in 20,000 (14 km./sec.), is 

V = 299,796 kilometers per second, 
or 

V = 186,284 miles per second. 

The Orbital Velocity of the Earth and the Distance and 
Dimensions of the Sun— Calculations of the Earth’s orbital 
velocity from the constant of aberration by the formula u — 

V tan a, and from the observed annual variation in the radial 
velocities of stars, agree on a mean value of 29.8 kilometers per 
second (18.5 miles per second). 

The circumference of the orbit may be obtained by multi¬ 
plying this number by the number of seconds required for the 
Earth to complete one revolution—that is, the number of 
seconds in the sidereal year, which is 31,558,150. Assuming 
the orbit to be circular, which is very near the truth, its radius, 
or the distance from the Sun to the Earth, may be found by 
dividing by 2 tt. The result is 

R = 149,500,000 kilometers = 92,900,000 miles. 

This number, which is exceedingly important in Astronomy, 
has been confirmed to about one part in a thousand by many 
independent methods of measurement. The distance is so 
great that to traverse it an aviator, flying at a speed of 150 
miles an hour, would have to fly continuously for seventy 
years. Sound travels in air at a speed of a fifth of a mile a 
second; but, if interplanetary space were filled with air and 
an explosion occurred on the Sun that was loud enough for the 
sound to reach the Earth, it would be fifteen years before we 
could hear it. Light, which has the greatest of known veloci¬ 
ties, travels the distance in a little over eight minutes. 1 he 
Sun’s mean equatorial horizontal parallax (page 14) is S. 80. 

The mean apparent diameter of the Sun being half a degree. 
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or, more exactly, 1920", its real diameter is — I 49 , 5 °°i 00 9 

206,265 

kilometers = 1,592,000 kilometers or 865,000 miles. This is 
109.5 tir nes the diameter of the Earth, and since the volumes 
of spheres are proportional to the cubes of their diameters, 
the volume of the Sun is 109.5 3 , or about 1,300,000, times that 
of the Earth. Thus, great though the Earth is, it fills less than 
a millionth of the space occupied by the Sun. 

The Form of the Earth’s Orbit. — As long ago as 120 b.c. it 
was noticed by Hipparchus that the time occupied by the Sun in 
its apparent motion from the vernal to the autumnal equinox 
was 186 days, whereas to go from the autumnal to the vernal 
required only 179; and, as it was contrary to his sense of the 
fitness of things that a heavenly body should move other¬ 
wise than with uniform speed in a perfect 
curve (i.e., a circle) he inferred that the 
Earth was placed eccentrically within the or¬ 
bit of the Sun. The unequal division of the 
circle by the straight line passing through 
the Earth and the equinoxes explained sat¬ 
isfactorily the observed difference of seven 
days, as may be seen in Fig. 62. 

The investigations of Kepler, seventeen cen¬ 
turies after Hipparchus, showed that the or¬ 
bit of each of the planets was an ellipse instead of a circle, 
that the Sun occupied the focus of the ellipse, and that the 
motion of the planet was not uniform; and Newton proved 
that these facts were necessary consequences of the attrac¬ 
tion of the Sun according to the Law of Gravitation. Ob¬ 
servational evidence of the form of the Earth’s orbit may 
be obtained by measuring the apparent diameter of the 
Sun in different longitudes, for, there being no reason to suppose 
that the Sun’s real diameter changes with the position of the 
Earth, any apparent change in its diameter must be attributed 
to a variation of the distance of the Earth. 

The form of the Earth’s orbit is shown in Fig. 63, which 
was constructed as follows: The Sun’s center is represented by 
the black dot S, and the line S T is taken as the direction of 



Fig. 62. Orbit ok 
the Sun ac¬ 
cording TO 
Hipparchus 
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the vernal equinox. From S are drawn lines which make 
with the line 5 T angles equal to the heliocentric longitude of 
the Earth at the first of each month, which is just iSo° different 
from the geocentric longitude of the Sun given in Column 2 
cf Table 4.1 (page 98). Column 3 of the table gives the 
apparent semidiameter of the Sun for the same date, and 
Column 4 gives the result of dividing 10,000, an arbitrarily 
chosen number, by the numbers in Column 3* Since the 



Fig. 63. True Form of the Earth's Orbit 


apparent diameter increases as the distance diminishes, the 
numbers in Column 4 are therefore proportional to the distance 
from the Sun to the Earth. The radiating lines of Fig. 63 are 
cut off to lengths proportional to the numbers of Column 4, 
and the curve drawn through their extremities therefore has 
the form of the Earth’s orbit. It is so nearly circular that the 
eye can not distinguish it from a circle, but its center, which 
is at the point C, is very obviously not at the Sun. The 
appropriate mathematical treatment of the relation between 
the Earth’s distance and its heliocentric longitude shows that 
the orbit is an ellipse having the Sun at one focus. 

Definitions Relating to the Earth’s Grbit*—An ellipse may 
be defined as a curve, every point of which is so situated that 
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Table 4*1 


Date 

Sun's long.. & 

Apparent xctni- 
dinmfitcr. s 

10 , 000 /* 

January 

1.... 

280° 

97 8 " 

IO . 20 

February 

1.. 

311 

075 

10.25 

March 

1 , *. 

340 

970 

10,30 

April 

1...*,.. . 

II 

962 

TO. 38 

May 

1... 

40 

954 

IO.47 

June 

1. 

70 

948 

10-54 

July 

1., t . 

99 

045 

10.58 

August 

1 . _ _ __ _ 

128 

947 

10.55 

September 

1. *,... 

15S 

053 

10.4$ 

October 

1. 

187 

960 

10.41 

Novemtjer 

1 *. 

218 

960 

10.31 

Dcccmljcr 

1..... 

248 

975 

10.25 


the sum of its distances from two points within, called the 
foci, is a constant* This definition affords a simple means of 
drawing an ellipse, which is illustrated in Fig* 64* Two pins 
are thrust through the drawing paper into a board, a loop of 
thread is tied loosely around them, and the thread is then kept 
stretched tight by a pencil, while the pencil is drawn around 
the pins. The sum of the distances of the pencil from the 
pins is thus kept constant, being equal to the whole length 
the loop minus the distance between the pins, and so the pencil 
traces an ellipse which has the pins as foci. 

In Fig, 65, the curve represents an ellipse of which the foci 

are at F and 5 , The point C, mid¬ 
way between them, is called the 
center. The longest diameter, A P , 
which is theonethat passes through 
the foci, is the major axis, and 
the shortest diameter, ED , which 
is at right angles to the major axis, 
is the minor axis. The semi-major 
axis, CP, is often denoted by the 
letter a, the semi-minor axis by b t and the distance, CS , from 
center to focus, by c. The eccentricity of an ellipse is defined 
as the ratio 

c 

e — - 

* a 



Fig, 64, How to Draw an 
Ellipse 
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or the ratio of the distance between the foci to the major axis. 
The eccentricity of an ellipse is never greater than i, and the 
less the eccentricity the more nearly circular is the ellipse. A 
circle is an ellipse of eccentricity zero. The eccentricity of 
the Earth’s orbit is 0.016. 

Definitions relating to the Earth's orbit may perhaps be 
better illustrated in Fig. 65, in which the eccentricity is 
exaggerated, than in the more accurate Fig. 63. Since the 
Sun is at one focus, let it be represented by S. The point of 
the orbit nearest the Sun, which 
is the end P of the major axis, 
is called the perihelion; the most 
distant point, A, the aphelion. 

As may be seen in Fig. 63, the 
Earth is at its perihelion about 
January 1 and at its aphelion 
about July 1. 

Either the perihelion or the 
aphelion is sometimes referred to 



Fig. 65, Ax Ellipse 


as an apse, and the line of indefinite length that passes through 
them and through the foci, of which the major axis is a segment, 
is known as the line of apsides. 

The line SE, connecting the Sun with the Earth at any point 
of its orbit, is called the Earth’s radius vector, and the angle 
PSE, made by the radius vector with the line of apsides, is its 

true anomaly. 

Variation of the Earth’s Speed. 
The Law of Areas.—The orbit¬ 
al speed of the Earth is not 
uniform, but varies in accord¬ 
ance with a famous principle which 
was discovered by Kepler and 
which is known as the law of 
areas. This law is: The radius 
vector of the Earth passes over 
equal areas in equal intervals of time. If the Earth move 
from A to B (Fig. 66) in a given length of time, say 
a week, then the distances CD and EF, over which it 



Fig. 66. 


The Law of Areas 
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passes in a week when in other parts of its orbit, are 
such that the areas ASB, CSD t and ESF are all equal. Thus, 
the orbital speed is greatest at perihelion and least at aphelion. 

The angular velocity of the Earth, which is the rate of increase of its 
heliocentric longitude or of its true anomaly, is related in a simple manner 
to the length of the radius vector. The area described by the radius vector 
in a short interval of time is very nearly equal to that of the triangle lx>unded 
by the two limiting radii vectores and thdr chord. Let 9 be the angle CSD 
in the slender triangle formed by the radii vectores CS and DS. Taking 
DS as the base of this triangle, its altitude is CS sin Q and its area is }4 
DS X CS sin 0. If the interval he very short, say one second (the Earth 
will have traveled only eighteen miles in that time), the sine of 6 will be 
practically equal to the value of 0 in radians, and the two radii vectores 
will bo practically equal in length. Call their length r. The area passed 
over in a second is then equal to }4 r- 0 . Since, according to the law of areas, 
this quantity is constant for all parts of the orbit, we have the general prin¬ 
ciple, The product of the square of the radius vector by the angular velocity is 
a constant. 

The law of areas makes it possible to compute the length of the radius 
vector and the value of the true anomaly when the time that has elapsed 
since perihelion passage is known; but the rigorous solution of this problem, 
which is known as Kepler’s problem, involves mathematical principles of 
some difficulty. 

The Seasons and the Climatic Zones- — With the exception 
of the internal heat of the Earth, which has but slight effect 
at the surface, our sole appreciable source of beat and light is 
the Sun, If this supply were permanently cut off from the whole 
Earth, as on the rare occasions of total eclipses of the Sun it is cut 
off for a few minutes from a small region, the temperature would 
fall very rapidly and all activity and life would cease within a few 
days. The question is sometimes asked, Why do we not have the 
warmest weather in January, when the Earth is nearest the 
Sun ? The fact is that the Earth as a whole does receive the 
most heat in January, but its orbit is so nearly circular that 
the difference between the perihelion and aphelion distances 
is too small — about 3,000,000 miles — compared with the mean 
distance of 92,900,000 miles to make any obvious difference 
in the temperature. 

The changes of season which the Earth experiences are due 
mainly to the fact that the axis about which the planet rotates 
is not placed at right angles to the plane in which it revolves. 
It will be remembered that the ecliptic and celestial equator 
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are the traces upon the celestial sphere of the planes of the 
Earth's orbit and equator, respectively, and that the angle 
between these circles is 23?5; therefore, since the Earths 



axis makes a right angle with the plane of the equator, it must 
make an angle of 66?5 with the plane of-the orbit. Since the 
equinoxes arc, throughout the year, practically fixed among 



Fig, 68. The Earth in June Fig. 69. The Earth in De- 


CEMBER 

the stars, the axis must remain practically parallel to the 
position that it had at the beginning of the year. These 
relations are shown in Fig, 67. 
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The position of the Earth in relation to the rays of the Sun 
in June is shown in Fig. 68, and in December in Fig. 69. 
In the northern hemisphere, the weather is warmer in June 
than in December for two main reasons. These may be under¬ 
stood by considering the point O, which may represent a locality 
somewhere in the United States. The first reason is that in 
June the rotation of the Earth keeps O a longer time in the 
sunlight than in the shadow, while in December these con¬ 
ditions are reversed. In summer, therefore, more heat is 
received from the Sun every twenty-four hours than can be 
radiated away, and so the temperature continues to rise until 
some weeks after the summer solstice, when the loss of heat 
equals the inflow. The second reason is that, in June, the 
rays of sunlight fall more nearly normally upon the surface 
and a beam of sunlight of a given cross-section is spread over a 
smaller area of the soil than the same beam can cover in Decem¬ 
ber, when it falls more obliquely. This may readily be seen 
by noting the arc of the Earth’s surface near O that is included 
between two of the parallel sun rays in the two figures. A 
point in the southern hemisphere, at the same distance from 
the equator as that of O, has similar changes of season, but at 
opposite times of year, the warm weather occurring in January 
and the cold in July. 

The existence of climatic zones is due to the same cause as 
the change of seasons. The circles A and D, which are the 
parallels of latitude 66? 5 from the equator, are known respec¬ 
tively as the arctic and antarctic circles, and inclose the frigid 
zones, at every point of which, on at least one day of the year, 
the Sun does not set and at the opposite time of year does not 
rise. The parallels B and C, 23 ?5 from the equator, are the 
tropics of Cancer and Capricorn, between which lies the 
torrid zone, where, at some time of the year, the Sun may be 
seen at the zenith. Between the torrid and the frigid zones 
are the temperate zones. 

The Calendar. — The solar day as a unit of time has already 
been discussed, and it was seen that this unit was divided 
artificially into hours, minutes, and seconds, subdivisions that 
are commensurable with the day. For the designation of long 
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periods of time, however, the day is inconveniently short, and 
for a longer unit we naturally adopt the interval between suc¬ 
cessive recurrences of a given season. Since the seasons are 
determined by the position of the Earth s axis with reference 
to the Sun, which also determines the position of the equinoxes, 
the natural unit thus forced upon us is the tropical year, 
defined as the interval between successive arrivals of the Sun 
at the vernal equinox. Its length is very nearly 365.24219 mean 
solar days, but the fraction is not exactly known, and probably 
the exact value could not be expressed by a finite number of 
digits following the decimal point. This circumstance, the 
incommensurability of the day and the year, makes the 
measurement of time more complicated than other kinds of 
measurement, such as that of length, weight, or value, in which 
the larger units are defined arbitrarily so as to contain an exact 
number of the smaller; a foot, for example, being exactly 
twelve inches, and a dollar exactly one hundred cents. 

The calendar, or system of keeping account of time over long 
intervals, is in most nations involved with the celebration of 
religious festivals. In Christian countries, the calendar now 
used is that known as the Gregorian, having been made the 
official calendar of the Roman Catholic Church by I ope 
Gregory XIII in 1582. This calendar superseded the Julian 
calendar, instituted in Rome by Julius Carsar. The ancient 
Romans had used a system of time-reckoning in which the 
principal unit was the lunar month, and, since the year does 
not contain an integral number of months, they were obliged 
frequently to insert an “intercalary" month to keep the seasons 
in their places. By the advice of the astronomer Sosigenes, 
Ca?sar decreed that the Roman year should consist ordinarily 
of 363 days, hut that every fourth year should contain 366, an 
arrangement which would work perfectly if the tropical year 
contained exactly 363.25 days, since the quarter of a day would 
accumulate to exactly one day in four years. The tropical 
year, however, is really nearly o.ooS of a day shorter than this, 
and so in the course of a thousand years the Julian calendar 
falls into error by nearly eight days. In 1582 the accumulated 
error was about thirteen days; but instead of shifting back 
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to the time of Julius Caesar (45 b.c.)> Gregory made the date 
cf the vernal equinox the same as in the year a.d. 325, the year 
of the celebrated Council of Nicaea which decided upon the 
method of reckoning Easter as well as many other abstruse 
matters. He accordingly dropped only ten days from the 
Julian reckoning, and decreed that the rule of adding an 
extra day every fourth year should be followed except in the 
case of those century years whose number is not divisible by 
400. Thus, a.d. 2000 will be a leap year, but the years 1700, 
1800, and 1900 were not. In four hundred years, the Julian 
calendar had one hundred leap years, but the Gregorian has 
only ninety-seven. The error of the Gregorian calendar 
amounts to only about a day in 3,000 years. 

The change to the Gregorian calendar was not immediately accepted in 
countries where the Pope's authority was not recognized, In England and 
her colonies it was made in 1752, We celebrate George Washington’s birth’ 
day on February 2 2, but lie was bom on February 11, 1732 (Old Style). 
Russia, Greece, and other countries in which the Eastern orthodox church 
held sway adhered to the Julian calendar until 1923, w-hen they adopted a 
leap-year rule which is even more accurate than the Gregorian, namely, 
that century years shall be leap-years only in ease their numbers when 
divided by 9 give a remainder of 2 or 6 , The average length of the year 
thus determined is within three seconds of the true length of the tropical 
year, while the average Gregorian year is about twenty-four seconds in 
error. The Eastern and Gregorian calendars wall agree, however, until a.d. 
2800, when the difference will be one day, the Gregorian year being a leap 
year and the Eastern an ordinary one. 

Non-Christian peoples have calendars of their own, some of which, as the 
Jewish and Mohammedan calendars, are based on the lunar month. The 
years are numbered from some historical or legendary event. The Moham¬ 
medan era began with the Hegira, or flight of Mohammed, in a.d. 622, the 
Jews reckon from the traditional date of the creation of the world, which 
they put in the year 3761 b.c., and the ancient Romans numbered their 
years from the legendary date of the founding of Rome (a.u.c.). The 
Christian era began with the date of the birth of Jesus as determined in 
the sixth century by Dionysius Exiguus, but subsequent investigalions, 
based on the computed date of an eclipse that occurred at the time of King 
Herod’s death, show that this is in error, and that, according to our adopted 
reckoning, Jesus was 1 x>m in the year 4 b.c. 

The Julian period* which is often used in astronomic calculations, is a 
period of 7,980 years, the least common multiple of three cycles that were 
much used in Roman chronology, and are called the Roman Indiction, the 
Solar Cycle, and the Lunar Cycle. The current Julian period began Jan¬ 
uary i, 4713 b.c., on which date all three cycles began together. The name 
of the period has nothing to do with Julius Caesar, but was applied in 1582 
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by its inventor, Joseph Scaliger, in honor of his father. Tn using this device, 
it is customary to indicate dates by the total number of clays that ia\e 
elapsed since the beginning of the period, making no reference to years at 
all. The Julian Day (abbreviated by J.D.) thus determined is understood 
by every astronomer, regardless of his nationality or religion, and the system 
is especially useful for obtaining the interval in days between two obser¬ 
vations, such as those of the brightness of a variable star. 

The Months and the Days of the Week.—Two serious faults of both the 
Julian and the Gregorian calendar are the irregularity of the lengths of the 
months and their absurd nomenclature. Both may be traced directly to 
the changes made by the Caesars. Julius Caesar, in his reform of the Roman 
calendar, changed the beginning of the year from March to January and 
established the simple system by which the odd months should each have 
thirty-one days and the even ones thirty, except the second, which was to 
have thirty in leap years only and twenty-nine in common years. How¬ 
ever, he introduced confusion in the names of the months by appropriating 
the month Quintilis to himself, for which reason we call it July, and retain 
ing for the months to which they no longer applied, the numerical names 
Sextilis, September, etc., so that the name September, for instance, which 
means seventh, has for two thousand years teen applied to the ninth month. 
After Julius came Augustus, who, in correcting an error that had been madc 
by the pontiffs in carrying out the Julian decree, named the month Sextihs 
for himself and, to make it as long as that of Julius, stole another day from 
February and added it to August. Many proposals have been made for 
correcting the resulting muddle, but so far without success. 

The origin of the week is not known with certainty, but the names 01 
the days are almost certainly of astronomic origin. The ancient Chaldeans 
named the hours of the day for the seven heavenly bodies which they noticed 
moving in the zodiac, in what was then supposed to be the order ot then 
distance from the Earth, viz,: Saturn, Jupiter. Mars, the Sun, \enus. Mer¬ 
cury, the Moon. The day was then named identically with its first hour. 
Since in naming the twenty-four hours the seven names were used three 
times with three names over, the order of the days became that of Saturn, 
the Sun, the Moon, Mars, Mercury, Jupiter, Venus. These names, or the 
names of corresponding local deities, came to be used by the Jews and 
Romans, and, after them, by other European nations, as the following table 


shows: 


NAMES OF THE DAYS OK THE Wf 

Celestial 

origin 

Latin 

Saxon 

English 

Sun 

Dies 

Solis 

Sunnan-daeg 

Sunday 

Moon 

u 

Lunae 

Monan-dacg 

Monday 

Mars 

it 

Martis 

Tues-daeg 

Tuesday 

Mercury 

u 

Mercurii 

Wodens-daeg 

Wednesday 

Jupiter 

a 

Jovis 

Thors-daeg 

Thursday 

Venus 

a 

Veneris 

Friga-daeg 

Friday 

Saturn 

« 

Satumi 

Saeter-daeg 

Saturday 


French 

Dimanche 

Lundi 

Mardi 

Mercrcdi 

jeudi 

Vendredi 

Samedi 


German 

Sonntag 

Montag 

Dienstag 

Mittwoche 

(mid-week) 

Donncrstag 

Freitag 

Samstag, 

Sonnabend 
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Precession.—While it is true that, during a year, the Earth’s 
axis remains very nearly parallel to its initial position, thus 
causing the seasons, its direction does change slowly and in 
the course of many years the change becomes conspicuous. 
The motion of the Earth is somewhat like that of a boy’s top, 
which, set spinning with its axis inclined to the vertical, moves 
so that the axis slowly describes a vertical cone, So the Earth’s 
axis gyrates in a cone while keeping its inclination to the ecliptic 



practically unchanged, but the gyration is so slow that one 
complete circuit occupies 25,800 years. This motion of the 

Earth is called precession, 

Since the celestial poles are the points where the Earth’s 
axis meets the celestial sphere, this conical motion of the axis 
results in a circular motion of the poles of rotation around the 
poles of the ecliptic, which for the north pole is illustrated in 
Fig. 70. The radius of the circle is equal to the obliquity of 
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the ecliptic, 25 “5. At present, the north “pole star” is « Ursac 
Minoris, but some 4,000 years ago it was a Draconis, and in 
about 5,000 years more it will be a Cephei. Since the circles of 
perpetual apparition and occultation are at a distance from the 
poles equal to the observer’s latitude, precession makes a very 
marked difference in the constellations that are visible at a 
given place. For example, in the year 3000 e.c. the Southern 
Cross, which is now invisible throughout the United States, 
could be seen north of the site of Quebec. 

Since the celestial equator and the other circles of the 
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equator system of co-ordinates are fixed with respect to the poles 
of rotation, precession causes them all to move with respect to 
the stars. As the equator is a great circle, the equinoxes, or 
points where it cuts the ecliptic, must remain opposite one 
another, and any motion of the equator necessitates a motion 
of the equinoxes. They move westward along the ecliptic, at 
a nearly uniform rate of 5 o'/a a year. Right ascension and longi¬ 
tude being reckoned from the vernal equinox and declination 
from the equator, these three co-ordinates of a star arc all 
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affected by precession, but latitude, which is counted from the 
ecliptic, is not so affected. The longitudes of all stars con¬ 
tinually increase, while the right ascensions and declinations 
are affected differently in different parts of the sky. The 
results of precession are illustrated in Fig, 71, As the pole of 
rotation moves through the short distance from PR X to PR- h 
the equator tilts about the points midway between the equinoxes 
so that the vernal equinox moves from V\ to and the autum¬ 
nal from Aito A*. The right ascension, declination, and longi¬ 
tude of the star shown are thus increased. The declination of a 
star at the opposite point of the sphere would be diminished 
but the other two co-ordinates would still be increased. 

Precession was discovered in 125 n.c. by Hipparchus by comparing the 
length of the year determined by the dates of the heliacal risings of certain 
stars (when the stars could first be seen in the dawn after the Sun had passed 
them in its annual motion) with its length determined hy the dates when 
the shadow of a vertical post or gnomon was at its average length. The 
former is the sidereal year, or interval between successive arrivals of the 
Sun at a given place among the stars, and has a length, as we now know, 
of 365.25636 mean solar days; the latter is the tropical year, already defined 
(page 103), with a length of 365.24210 days. The relative shortness of the 
tropical year is due to the motion of the equinoxes, which go to meet the 
Sun. The origin of the word precession, which is perhaps a little far-fetched, 
is found in the fact that the position of the equinox at any epoch precedes 
its positions of earlier epochs as the celestial sphere is carried westward by 
the diurnal motion. 

Since the time when the signs of the zodiac (page 24} were named for the 
twelve zodiacal constellations, the equinoxes have mover! more than the 
length of a sign; and so the vernal equinox, which is even yet called the 
“first point of Aries” by some writers, lies actually in the constellation of 
Pisces. 

Nutation.—The cause of precession, as will be explained in 
Chapter X, (page 223), lies in the attraction of the Sun and 
Moon for the protruding material at the Earth’s equator. 
The Moon’s share of this would, if acting alone, cause a conical 
motion of the Earth's axis around the pole of the Moon’s 
orbit instead of the pole of the ecliptic; but, due to the 
regression of the Moon’s nodes (page 114), the pole of its orbit 
itself moves around the pole of the ecliptic in a small circle 
with a period of nineteen years. The result is that, superposed 
upon the precessional motion, there is a small oscillation of 
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the pole of rotation to a distance of about 9" from the position 
that it would occupy if precession acted alone. This motion 
is called nutation (nodding) since it causes the pole of rotation 
to "nod" toward and from the pole of the ecliptic. 

Reduction of Star Places. — Many star catalogues have been 
published which give the right ascension and declination of 
extended lists of stars. For the sake of convenience, these 
co-ordinates are always given as reckoned for some fixed and 
designated epoch, for example, the beginning of the year 1900. 
As the observations could not all have been made at that time, 
it was necessary for the authors of the catalogue to correct 



Fig. 72. Change of Declination of a Persei 

(Drawn by L. S. Flint) 


the observed apparent place of each star for the changes due 
to precession, nutation, and aberration that took place between 
the time of observation and the epoch of the catalogue. More¬ 
over, the astronomer who uses the catalogue must make similar 
corrections in order to obtain accurately the place of the star 
at any subsequent date. 

Fig. 72 shows graphically the change in the declination of 
the star a Persei during a period of twenty years. Precession 
alone would cause the declination to increase at a nearly uniform 
rate; but superposed upon the straight line that designates 
this change are the nineteen-year sinuosity of nutation and 
the annual wave of aberration. For the nearest stars, a slight 
further complication is added by parallactic motion, and most 
stars have a small proper motion (page 316) of their own 
besides. 

Cause of the Change of the Equation of Time. — The equation 
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of time has been defined (page 69) as the difference between 
mean and apparent solar time, the latter being the hour angle 
of the true Sun and the former the hour angle of the mean 
sun, which moves with uniform angular speed in the celestial 
equator. It may equally well be defined as the difference of 
the right ascensions of the mean and the true suns, for 

mean time = sidereal time — « m , 


app. time = sidereal time — a ( , 

where a m and a t signify the right ascension of the mean and 
the true Sun, respectively; and subtracting the second equa¬ 
tion from the first gives 

equation of time = — a„. 



i, s, 

Fits- 73* Equation nr Time 
Due to Eccentricity 


The equation of time varies throughout the year from the 
combined effect of two principal causes: the varying speed of 

the Earth due to the eccentricity of 
its orbit, and the obliquity of the 
ecliptic. To make the action of the 
!< first cause clear, let us define an 
A intermediary sun as an imaginary 
body which moves in the ecliptic 
with the mean speed of the true 
Sun, and which coincides with the 
true Sun when the Earth is at peri¬ 
helion. The apparent motion of the 
true Sun is as if it moved in an ellipse and obeyed the law of 
areas with respect to the Earth situated at the focus E (Fig. 
73). Let its position at different times of year be denoted by Si, 
S2,.. . S3. Since, near perihelion, its angular velocity is greater 
than the mean, the true Sun forges ahead of the intermediary, and 
when the true Sun is at Si the intermediary is at Ii, the right as¬ 
cension of the former is greater, and the equation of time is posi¬ 
tive. The angular distance between the two “suns’ ' increases until 
the speed of the true Sun has fallen to its mean value, which 
occurs near the end of the minor axis of the orbit, when the 
equation of time is a maximum; then the true Sun slows up, 
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7t. Equation of 
Due t.» Obliquity 


Time 


and at aphelion A, where half the circumference and also half 
the area of the ellipse have been described, the two are together. 
From aphelion to perihelion the true Sun lags behind the 
intermediary. The portion of the equation of time which is 
due to eccentricity is thus zero at perihelion and aphelion, is 
positive during the first half of the year, and is negative during 
the second half. Its maximum value is about seven minutes, 
and its changes are as shown in the dotted curve of Fig. 75. 

To explain the action of the second cause, let the intermediary 
sun, moving uniformly in the eclip¬ 
tic, coincide with the mean sun, 
moving with equal angular speed in 
the celestial equator, when they are 
at the vernal equinox (Fig. 74). 

After a brief interval, the interme¬ 
diary sun will have moved to h and 
the mean sun an equal distance to 
Mi ; the longitude of the former will equal the right ascension of 
the latter; but the right ascension of the intermediary sun, being 
the projection of its longitude upon the equator, will be less 
than that of the mean sun, and so the portion of the equation of 
time that is due to this cause will be positive. At the summer sol¬ 
stice each will have traveled 90 0 and their right ascensions will 
again be equal since the sixth hour circle passes through the sol¬ 
stice. Between the summer solstice and the autumnal equinox 
the intermediary sun will have the greater right ascension be¬ 
cause of the convergence of the hour circles as they recede from 
the equator, but the two will coincide again at the autumnal 
equinox, each having traveled iSo°, though by different routes; 
and the changes will be repeated in the second half-year. (A 
celestial globe will be of great assistance in visualizing these 
relations.) The equation of time due to obliquity thus passes 
through zero four times a year — at the equinoxes and solstices. 
Its maximum numerical value, which is twice positive and twice 
negative during the year, is about ten minutes, and its changes 
are as exhibited in the broken curve of Fig 75. 

To obtain the combined effect of the two causes for any 
date, it is necessary' simply to add together the ordinates of 
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the two curves. The actual value of the equation of time, 
obtained in this way, is shown in the continuous curve of Fig. 
75. It is zero about April i6 f June 15, September i, and 
December 23, and readies a maximum positive value of 
+ 14 m 2 on February 11 and a maximum negative value of 
— 16 01 2i a on November 3. 

Reckoned by apparent time, the length of the morning— i.e. r from sun¬ 
rise to noon, is, neglecting the slight daily change of the Sun's declination, 
equal to that of the afternoon; but reckoned by mean time, noon does not 
generally thus occur midway between sunrise and sunset, and the change 



Fig* 75. The Equation-of-Time Curve (from Young's Manual of Astronomy) 


of the equation of time renders the resulting inequality of morning and 
afternoon dilTercnt at dilTercnt times of year. Let r and s be the mean times 
of sunrise and sunset, and let E be the equation of time. Then E is also the 
mean time of apparent noon, and the interval from sunrise to apparent 
noon is 12 h — r + E, while the interval from apparent noon to sunset is 
s — E , In December, some time before the winter solstice, the length of 
the day changes very slowly, and so cither half-length, s — E or i2 h — r 4- E , 
may be regarded as constant; but, as shown by Fig. 75, E is increasing 
rapidly, and so s must also increase and r diminish. That is, the time of 
sunset grows later (if reckoned by mean time) before the whole day reaches 
its minimum length, the increase in the length of the afternoon beiqg more 
than compensated by the decrease in the morning* 

Note. Authorities differ as to the sign used for the equation of time. 
The American Ephemer'ts defines it as apparent time minus mean time, thus 
giving it the opposite sign to that used in this chapter. 


CHAPTER V 


THE MOON 


General Remarks.—The Moon is the satellite of the Earth 
and accompanies the latter on its journey around the Sun, at 
the same time revolving around the planet as a gull may 
circle about a moving ship. Because it is our nearest neighbor, 
it is given perhaps an undue amount of attention by mankind, 
for as seen from any other body than the Earth it would seem 
insignificant. It resembles the Earth in its spherical shape and 
solid body and in having its surface diversified by mountains, 
valleys, and plains, but its diameter is only about a fourth 
that of the Earth and it has very little, if any, atmosphere or 
water. Some of the important facts about the Moon are: 


Mean distance from Earth, 
Greatest distance, 

Least distance, 

Diameter, 

Mass, 

Mean density, 

Surface gravity. 

Mean albedo, 

Period of revolution (sidereal), 
Period of rotation, 


60 Earth-radii, or 239,000 miles 
233,000 miles 
222,000 miles 
2,163 miles 

1/81.5 °f Earth’s mass 
3.39 X that of water 
1/6 that of Earth 
0.07 

27 1/3 days 

Exactly the same as that of 
revolution 


Apparent Motion of the Moon.—Even the most inattentive 
observer of the Moon must notice that it rises and sets a little 
later each day than on the preceding day. The average delay 
is about fifty-one minutes. This means that it does not keep 
up with the general diurnal motion of the celestial sphere, 
but, relative to the stars, has a motion of its own of about 
half a degree an hour (13 0 a day) toward the east. By carefully 
noting the Moon’s position among the stars on successive nights, 
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its apparent path may be determined, and it is found to be 
very nearly a great circle that lies near the ecliptic, intersecting 
the latter at an angle of about 5 °, This angle is called the incli¬ 
nation of the Moon’s orbit, and the points of intersection are 
known as the Moon’s nodes; the one where the Moon crosses 
from the south side of the ecliptic to the north being called the 
ascending node and the other the descending node. 

Observations of the Moon’s path among the stars in different 
years show that it changes markedly, the nodes moving west¬ 
ward along the ecliptic, while the inclination remains about the 
same. This change, known as the regression of the nodes, 



Fig. 76. Moon's Path Between Fig. 77. Ascending Node at 
Ecliptic and Equator Vernal Equinox 


carries each node completely around the sky in about nineteen 
years. It is very similar to the precessional change of the 
celestial equator, but takes place much more rapidly. 

The regression of the nodes produces a very noticeable change in the 
diurnal path of the Moon in different parts of the nineteen-year cycle; for. 
when the descending node coincides with the vernal equinox (Fig. 76), the 
Moon’s path lies entirely between the ecliptic and the equator, and the 
maximum declination is only 23?$ — 5° - 18^5; but nine years later the 
Moon's orbit is shifted halfway around so that the nodes are interchanged 
(Fig. 77), the Moon's path lies entirely outside the space hounded by the 
ecliptic and the equator, and the declination reaches 23“5 4- 5° a 
The total range of declination, and therefore of meridian altitude, is in the 
one case from - iS?5 to + 18 ?5, or 37°, while in the other it is from — 28^5 
to+ 38 ?s, or 37 0 . 

The difference of longitude between the Sun and the Moon 
is called the Moon’s elongation. Since the Moon moves among 
the stars about 13 0 a day while the Sun moves only i°, the 
Moon overtakes the Sun about thirteen times a year. When 
this occurs, the elongation is zero and the Moon is said to be in 
conjunction; when the elongation is 90 0 east or west, the Moon 
is said to be in quadrature; when 180 0 , in opposition. Either 
conjunction or opposition is sometimes referred to as syzygy. 
At syzygy, the Sun, Moon, and Earth are nearly in the same 
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straight line and would be exactly so if the inclination of the 
Moon’s orbit were zero. Actually, the three bodies arc in the 
same straight line only on the rare occasions when syzygy 
occurs at one of the nodes. 

The Month.—The word month is etymologically related to 
the word moon, and the month as a unit of time had its origin 
in the use of the Moon as a timekeeper. The months of the 
calendar, although arbitrarily made unequal in length, are 
approximately the time of a revolution of the Moon. Astrono¬ 
mers recognize a number of different kinds of month. The 
sidereal month is the interval between two successive arrivals 
of the Moon at a given apparent place among the stars and 
averages 27.32166 mean solar days, but varies about three 
hours because of the perturbations of the Moon’s motion 
(page 224). The synodic month is the time of a revolution with 
respect to the apparent place of the Sun — that is, from con¬ 
junction to conjunction. Suppose the Sun, Moon, and a star 
at a given moment to be in the same direction from the center 
of the Earth. After a sidereal month the Moon will have 
arrived again at the star, but the Sun will in the meantime 
have moved forward about 27°, and the Moon must travel two 
days longer to overtake it. The average length of the synodic 
m<Jnth is, in fact, 29.53059 days. 

If wc let M be the number of days in-the sidereal month, then 360/M 
will be the average number of degrees passed over by the Moon (relatively 
to the stars) in a day its mean daily motion. Similarly, if E be the number 
of days in a year, 360 */E will be the mean daily motion of the Earth, or, 
apparently, of the Sun; and if S be the number of days in the synodic month, 
36o°/5 will l>e the mean daily gain of the Moon upon the Sun, Hence, 

360/3/ — 360/ E == 360/5, 

or, more simply, 

i/M —1 /Em j/S f 

r. relation which expresses the length of the synodic month in terms of the 
sidereal or vice versa. The synodic month is the more natural as a unit of 
time, for in this period the Moon passes through its cycle of phases (page 119}. 

In computations relating to eclipses of the Sun and Moon, 
the nodical month is useful. It is the time of the Moon’s 
revolution with respect to either node, and averages 27.2122 
days in length. 
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The Form of the Moon's Geocentric Orbit* — The Moon’s 
apparent diameter varies from 1764" when it is farthest from 
the Earth to 2013" when it is nearest. 

These numbers represent the geocentric diameter — that is, the diameter 
the Moon would appear to have if viewed from the distance of the center 
of the Earth. Prom the surface of the Earth, the distance is a little less, the 
ol>server teing brought nearer the Moon as the Moon approaches 
the zenith. The resulting increase of the Moon's apparent diam¬ 
eter, called the augmentation, may easily be computed and 
allowed for. When the Moon is rising or setting, the distance 
of the observer {MR 01 MS, Fig. 78) is very nearly the same 
as that of the Earth's center C; but when the Moon is at the 
zenith, the observer 0 is nearer it by one Earth-radius, or 1/60 
of the whole distance, than is the Earth’s center. The maxi¬ 
mum augmentation therefore amounts to r/60 of the whole 
apparent diameter, or about 30", 

By following the method that has already been 
described (page 96) for determining the form of 
the Earth’s orbit around the Sun, and drawing a 
4 ‘spider,” the legs of which have lengths proportional 
to the reciprocal of the measured diameter and make 
angles with a fixed line equal to the Moon’s longi¬ 
tude, the form of the Moon’s geocentric orbit may 
be determined. Like the Earth’s orbit, it turns out 
to be a nearly circular ellipse, but of greater eccen¬ 
tricity—averaging about 0.056. The Earth is at t he 
1IG ' VhJe-'x- f° cus > an( l the Moon’s radius vector describes equal 
tati ox areas in equal intervals of time. 

Mooses The point of the lunar orbit that is nearest the 
Earth is called the perigee and the point most re¬ 
mote is called the apogee* Other terms relating to 
the orbit have the same significance as in the case of the Earth’s 
orbit. 

Distance and Dimensions of the Moon.—Of many methods 
which may be used to measure the Moon’s distance, one of 
the simplest consists of a triangulation from two points of 
observation on the Earth. Suppose that tw f o observers A 
and B (Fig. 79), situated on the same terrestrial mendian but 
widely separated in latitude, observe the zenith distance of the 
Moon with meridian circles. Neglecting for simplicity the 
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Fig. 71 


79. Determining 
Moon's Distance 


the 


oblateness of the Earth (it can be accurately allowed for), 
these observations give the angles ZAM and Z'BM, The 
angle ACB is the algebraic difference of the latitudes of the 
observers. In the triangle ABC , the sides CA and CB are 
radii of the Earth, and from these and the angle ACB may be 
computed trigonometrically the angles CAB and CBA and 
the distance A B . In the triangle 
ABM the base AB is now known, 
and the angles BAM and ABM 
may be found by subtracting 
ZAM + CAB and Z'BM + CBA 
from tSo°; hence AM and BM 
may be computed. Finally, in the 
triangle CAM, the sides CA and 

AM are known, and the angle CAM is the supplement of 
ZAM, hence CM, the geocentric distance, may be computed 
in terms of the radius CA or CB . The Moon’s mean distance 
is thus found to be 60 Earth-radii, or about 239,000 miles. Its 
distance at perigee is 222,000 miles, and at apogee 253,000 

miles. 

From the Moon’s distance and 
its apparent diameter its real 
diameter may be found at once 
(page 8), and it turns out to be 
2,163 miles, a little over a quarter 
of the Earth’s. 

Form of the Moon’s Heliocen¬ 
tric Orbit* — Since the Earth mo\ r cs 
continually in its orbit around the 
Sun while the Moon circles around 
the Earth, the Moon’s path around 
the Sun is a sinuous line as sug¬ 
gested in Fig. 80, where the continuous circle represents the 
path of the Earth and the dotted line that of the Moon. The 
proportions of the figure, however, are far from correct, and it 
would not be practicable to represent them correctly for, the 
Moon’s distance being only about 1/400 of the Sun’s, if we re¬ 
present. the Earth’s orbit by a circle having a radius as great as 
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two feet, the departures of the Moon from that circle would be 
only about 1/16 of an inch. These departures are so small 
that the Moon’s orbit is everywhere concave to the Sun. 

Mass, Density, and Surface Gravity of the Moon,—As the 
Moon revolves, its gravitational attraction sways the Earth 
slightly from the position it would otherwise occupy, the two 
bodies revolving around their common center of mass (page 
216). This monthly motion of the Earth causes a slight but 
observable parallactic displacement of the nearer planets, from 
which the distance of the center of the Earth from the center 


o 
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of mass may be computed. 


Fiu. 81. Center of Mass 
of Two Spheres 


The center of mass of two homogeneous 
spheres is a point on the line joining their 
centers such that the produet obtained by 
multiplying its distance from the center of 
either sphere by the mass of that sphere is the same as the corresponding 
product relating to the other sphere. For example, if vi and M be the masses 
of the two spheres A and B (Fig. St), then their center of mass, C, is such 
a point that m X AC = M X BC. The center of mass of two bodies near 
the surface of the Earth may be determined as the point about which they 
balance when joined by a light, straight rod. 


The distance of the Earth’s center from the center of mass 
is found to be 2,8So miles, so that the latter is about a thousand 
miles within the surface of the Earth. This distance is about 
1/82.5 of the distance from the Earth to the Moon, and there¬ 
fore the Earth s mass must be about 81.5 times the Moon's. 

Since the volumes of spheres are as the cubes of their diam¬ 
eters, the Earth’s volume is f §j}) 3 , or about 49 times the 
Moon’s. The mean density of a body is its mass divided by 
its volume, and so the Moon’s density is 49/81.5 times the 
Earth’s or, since the Earth’s density as compared to water is 
5.53, that of the Moon is about 3.4. 

By the surface gravity of a heavenly body is meant its attrac¬ 
tion for bodies at its surface. IL can easily be computed when 
the body’s mass and radius are known (page 214), and in the 
ease of the Moon turns out to be about one-sixth that of the 
Earth. This means that a body that weighs six pounds on the 
Earth would weigh but one on the Moon. A given upward 
force would shoot a projectile six times as high there as here. 
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A ballet dancer who weighs 120 pounds on the Earth would 
weigh only 20 on the Moon, and could leap six times as high. 

The Phases of the Moon. The most obvious phenomenon 
shown by the Moon, and one which must have excited the 
admiration of mankind from the earliest times, is its apparent 
change of shape from a narrow crescent to a full circle and 
back to the crescent form. This change of shape, or of phase, 



Fig. 82. Explanation of the Moon's Phases (from 
Young's General Astronomy ) 


is due to two circumstances: first, the Moon shines only by 
reflected sunlight, and second, as it revolves around the Earth, 
different portions of its sunlit side arc presented to our view. 
This may be understood by a study of Fig. 82, or, better, by 
holding a tennis ball at arm's length in the light of a single 
lamp and turning slowly on one's heel. When the Moon is 
at conjunction, its unilluminated side is turned toward tis and 
for this reason and also because of the dazzling light of the Sun, 
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the Moon is invisible. The phase is then that of new moon, 
T wo or three days later, it has moved several degrees east of 
the Sun and is visible in the western sky soon after sunset, but 
still only a little of the illuminated side is presented to us and 
it appears as a thin crescent. The crescent grows wider on 
succeeding nights until east quadrature is reached 1 J when we 
see half of the illuminated half, the Moon appears as a semi¬ 
circle, and the phase is called first quarter. From east quadra¬ 
ture to west quadrature more than a quarter of the surface is 
visible, and the Moon is said to be gibbous, except at opposition, 
when the illuminated half is turned full upon the Earth, and 





Fig. 83. The Young Moon 
(From Dante and the Early Astronomers, by M. A. Okr) 

we have full moon. After full moon the succession of phases 
is reversed, passing through last quarter at west quadrature to 
new moon again at the next conjunction. 

The line which separates the dark half of the Moon from the 
sunlit half—the sunrise or sunset line — is called the terminator, 
and always has the form of a semi-ellipse because it is a circle 
seen edgewise. At its termini, the cusps of the Moon, it is 
tangent to the Moon’s circular outline, or limb. 


From Fig. 82 it may tie easily seen that the cusps, or "horns” of the 
crescent Moon are always turned away from the Sun. and that therefore 
they are never pointed downward when the Sun is Mow the horizon- a 
fact sometimes disregarded by artists. In northern latitudes, moreover, the 
visible half of the ecliptic lies south of the zenith, and so the horns of the 
young Moon, when it is visible after sunset, are always turned upward and 
toward the left, as in Fig. 83. 

1 More precisely, until the angle Sun-Moon-Earth is just 90°; but this occurs 
only a few minutes before quadrature. 


Plate 3.1 Photographs of the Moon 




First quarter; sunrise on Tycho and Sunset on Northern Mountains. 100- 
thc Apennines. 40-inch Refractor inch Reflector (Pease) 

(Ritchey) 



Copernicus, Kepler, and Aristarchus in full sunlight. 100-inch Reflector (Pease) 
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Plate 5*2* Map of the Moon 
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Earthshine.—When the Moon is near conjunction and so 
appears to us as a crescent, an observer on the Moon would sec 
the Earth as a great bright body, about two degrees in dia¬ 
meter, in the gibbous phase. The Earth at that time thus 
lights up the side of the Moon that is turned away from the 
Sun, and it is often easy to see this earthlit lunar landscape, 
which is fancifully called the “old Moon in the new Moon's 
arms.” 

Rotation and Librations of the Moon.—Observations of the 
markings on the Moon’s surface show that the Moon rotates 
on an axis which is so placed that the plane of its equator 
makes with the plane of its orbit an angle of 6 °.$. The inter¬ 
section of the two planes always coincides with the line of 
nodes, and the plane of the ecliptic lies between them, so that 


« 
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Fig* 84. Revolution without 
Rotation 

the Moon's equator makes an angle of only i?s {6?5 — 5°) 
with the plane of the ecliptic* Very remarkably, the rotation 
and revolution take place in the same direction, from west to 
east, and in precisely the same period „ so that one side of the 
Moon is always turned toward the Earth, while the opposite 
side, although nearer us than are any of the planets, is an 
undiscovered country wholly inaccessible to observation* 

At first thought this may not seem to be a rotation at all, but a consider¬ 
ation of Figs* 84 and 85 will show that it is. Suppose the orbit to l>e cir- 
cular and that an arrow is erected perpendicularly upon the Moon's surface. 
If there were no rotation, the arrow would 1 jc directed always to the same 
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point among the stars, as in Fig, 84; whereas, if it point always to the center 
of the orbit, as in I'ig, 85, its direction must sweep over a whole circle 
and coincide again with its initial direction at the end of one revolution, 
thus completing a rotation and a revolution in the same time. 

The motion of the Moon is not, however, as if it were attached 
to the Earth by a rigid bar, for it has apparent balancing 
movements, or librations, which render about iS per cent of 
its surface alternately visible and invisible. These are three 
in number, and are known as the librations in latitude and in 
longitude, and the diurnal libration. 

The cause of the libration in latitude is the inclination of 
the Moon’s equator to the plane of its orbit, and is exactly 

analogous to the cause of the Earth's 
change of season. Just as the Sun 
shines alternately over the Earth’s 
north and south poles in the course 
of a year, so we on the Earth may 
look over the Moon's poles alter¬ 
nately in the course of a month. 

The libration in longitude is due 
to the fact that, while the Moon’s 
rate of rotation is uniform, that of 
F,c - 86 - " LONCI - its revolution is variable, obeying the 

law of areas. Suppose an arrow 
erected perpendicularly on the Moon on the line that joins the 
centers of the Earth and Moon when the latter is at perigee (Pig. 
86). From the direction of the Earth’s center, it will be seen at 
the center of the Moon’s disk. After a quarter of a sidereal month, 
the Moon’s rotation will have changed the direction of the arrow 
just 90°, but the Moon’s direction from the Earth will have 
changed 96°, so that the arrow will appear a little toward the 
east of the center of the disk, and we may see a little of the 
western side of that portion of the Moon which, at perigee, 
was concealed. After half a month, the radius vector has 
described half the area of the orbit, the Moon’s direction has 
changed just 180°. and, as the arrow has been turned 
through an equal angle by the uniform rotation, it again points 
to the center of the Earth. At the end of the third quarter, 
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the rotation has proceeded 270° and the revolution only 264°, 
and we then see a little of the eastern rim of the back side of 
the Moon. At the end of the month, the initial conditions - 
are restored. 

The diurnal libration is due to the change of the point of 
view of the observer as he is carried around by the Earth’s 
rotation. When the Moon is on the horizon, the observer’s line 
of sight makes an angle of about i° with the line of centers, 
and this enables him to see about i° beyond what would be 
the limb if the Moon were in the zenith. 

Because of the small inclination of the Moon’s equator to 
the ecliptic, it can have no perceptible change of season, and 
over the whole surface of the 
Moon the day is always very 
nearly equal to the night, each 
being about two weeks long. 

Absence of an Atmosphere. — 

It is certain that the Moon does 
not possess an atmosphere which 
is at all comparable to that of 
the Earth. No clouds float over 
its surface, and the mountains 
and craters show no erosion by 
weather. More conclusive still, 
when the Moon passes between 
us and a star, or occults it, the star disappears and reappears 
with extreme suddenness and there is no evidence of any re¬ 
fraction of light at the Moon’s limb. The refraction of the 
Earth’s atmosphere deviates a horizontal ray by more than half 
a degree (page 57), and if the Moon were surrounded by gases 
of equal density a ray of starlight which passed the surface 
tangentially would be deviated by twice this amount, being re¬ 
fracted both on entering and on leaving the lunar atmosphere. 
Even a rare atmosphere should bend starlight slightly, delaying 
the disappearance and hastening the reappearance of the star 
as illustrated in Fig. 87; but the observed duration of an 
occultation is always equal within a fraction of a second to 
that which may be computed from the known diameter of the 
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Moon and its rate of motion. From this fact it is certain that 
the Moon’s atmosphere, if any exists, has a refractive effect less 
than 1/2000 that of air. Since gases consist of molecules in 
rapid motion, it is doubtful that the Moon, with its low super¬ 
ficial gravity, could retain an atmosphere if it ever had one. 

If there is no atmosphere on the Moon, no liquid water can 
be there, for it would evaporate in the sunshine of the long 
lunar day and form an atmosphere of water vapor. Water 
might, perhaps, exist there in the form of ice or snow in crevices 
where sunshine enters but little. 

Lunar Topography.—To the unaided eye there appear upon 
the bright surface of the Moon only certain vague, dark areas 
which suggest to the fancy such objects as the round face of a 
man, the profile of a lady, or a very long-eared donkey. In a 
telescope of low magnifying power these dark areas appear as 
smooth plains, so uniform that Galileo and his contemporaries 
thought that they might be seas and accordingly called them 
maria, a name still used by selenographers. Other parts of the 
lunar surface, even in Galileo’s telescope with its power of only 
thirty diameters, appear to be very rugged, with numerous 
mountains and other formations which, under favorable illumi¬ 
nation by the Sun, cast long black shadows. With larger 
telescopes it is found that the smoothness of the maria is only 
relative, and that they too present a wealth of detail. 

The principal features of the lunar surface are the maria, 
mountains, craters, “rills,” and “rays.” The nomenclature 
used on lunar maps is that of the Italian astronomer Riccioli, 
who mapped the Moon in the seventeenth century, naming 
the craters for astronomers or other men of science and giving 
the maria fanciful names, such as Mare Tranquillitatis, Sinus 
Iridum, and Oceanus Procell arum. A few of the mountain 
ranges retain names given earlier by the German Hevelius, 
who took them from terrestrial ranges. The most prominent 
are the Apennines, Caucasus, and Alps, which are situated 
north of the center of the visible disk. 

The mountains are seen mostly in chains or groups, although 
on the surface of the Marc Imbrium are several isolated peaks 
of which a conspicuous one is Pico, about 8.000 feet high. The 
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Apennine range consists of about 3,000 peaks and extends 
about 400 miles. Its loftiest peaks rise about 18,000 feet above 
the Mare Imbrium. The Alps are noteworthy for a great gorge, 
80 miles long and 4 to 6 miles wide. All these features are best 
seen near the time of the first or last quarter. The highest 
lunar mountains, which rise to 25,000 feet or more, are situated 
in ranges near the limit of the visible side of the Moon, where 
they are seen in profile when the conditions of Iteration are 
favorable. 

The heights of lunar mountains arc determined from the length of their 
shadows and a knowledge of the altitude of the Sun as it would appear 
from that point of the Moon, which can be obtained from the Moon’s helio¬ 
centric position; also by a method used by Galileo, which 
depends upon the fact that the Sun rises earlier and sets 
later on a high peak than on lower mountains or the 
surrounding valleys. This may Ije understood by refer¬ 
ence to Fig. 88, Suppose the Moon were perfectly 
smooth except for a mountain of which the base is at B 
and peak at P f and suppose the Sun were just shining 
on the peak. To an observer on the Earth, the Moon's 
terminator would appear at T. where the sunlight is 
tangent to the lunar surface, while the illuminated peak 
would appear as a detached point of light on the dark 
side of the Moon—not an unusual appearance. The dis¬ 
tance TP may be found with the micrometer in terms 
of the Moon's apparent diameter, which gives two sides, 

TP and the radius TC \ of a right triangle, whence the 
hypotenuse, which is the sum of the Moon's radius and the height of the 
mountain, may be computed. 

The rills (German Rille, a ditch or furrow) are narrow 
crevices from ten to over three hundred miles long and less 
than two miles wide. Their bottoms are generally invisible 
and their depth consequently unknown. They are incon¬ 
spicuous because of their narrowness, but over a thousand have 
been mapped. A remarkable example is the great Serpentine 
Cleft near the crater Herodotus. 

The rays are narrow streaks which are lighter in color than 
their surroundings, and which radiate from certain prominent 
craters, notably Tycho, Copernicus, and Kepler. They are 
inconspicuous or invisible under a low Sun, but stand out very? 
prominently near the time of full Moon. They can be neither 
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ridges nor furrows, for they cast no shadows. The rays that 
center upon Tycho extend many hundreds of miles across the 
surface of the Moon, regardless of craters, mountains, and seas. 

The craters are by far the most numerous of the lunar 
formations. Upward of 32,000 are shown on a map published 
in 1878 by Schmidt of Athens, and many others may be seen 
with present-day telescopes and on photographs made with 
them. The craters range in size from such “walled plains” as 
Maurolycus and Schickard, each of which is 150 miles in dia¬ 
meter and of greater area than the state of Maryland, down 
to the smallest dot discernible in the greatest telescope, which 
is about a tenLh of a mile across. Several are so large that, 
from the centers of their floors, their walls would be concealed 
by the spherical surface of the Moon. They are depressions, 
the floor being usually lower than the surrounding plain, and 
are roughly circular in shape. Many contain lofty mountains 
which rise from their floors, and many large craters have 
numerous smaller ones superposed upon their floors or walls. 

Some of the more important craters, with their diameters in 
miles, are listed below: 

Proclus, 18; very bright, at edge of 
Mare Crisium 

Lining 6; has Ixsen suspected of 
change 
Aristotle. 60 
Eudoxus, 40 

Eratosthenes, 38; at east end of 
Apennine range 

Copernicus, 56; very conspicuous, 
surrounded by rays. Group of 
peaks in center 
Archimedes, 50 
Fiazzi Smyth, 6 

Plato, 60; floor very dark in color 
Kepler, 22 ; surrounded by rays 
Aristarchus. brightest object on 
the Moon 

The Best Time to Observe the Moon, — For observing the 
mountains, craters, and all other elevations or depressions on 
the Moon, the most favorable conditions are obtained when the 
object is near the terminator, for then it is brought into strong 


Ptolemy, 115; near center of visible 
disk 

Alphonsus, S$; Arzachel, 66; linked 
together 

Tycho, 54; center of great ray system 
Gassendi, 55 
Schickard, 134 

Warden tin, 54; floor level with brim 
Grimaldi, 150 

I Langrenus, qo; Vendelinus, 50; Fe¬ 
ta vius, 100; Furuerius, 80 -form¬ 
ing chain near W limb 
Catherina, 70; Cyrillus, 60; Theoph- 
ilus, 64—forming three links of a 
chain 

Maurolycus, 150 
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relief by the shadows. The maria and the ray systems are seen 
to their best advantage near full Moon. 

Theories Regarding the Origin of Lunar Craters,—The 
craters on the Moon bear some resemblance to extinct vol¬ 
canoes, and a theory which has been very generally held attrib¬ 
utes their origin to volcanic action. An objection is found in 
the enormous size of some of the craters. Owing to the small 
superficial gravity of the Moon, a given eruptive force would 
have much greater effect there than on the Earth, but this fact 
is not sufficient to explain so great a difference in size as exists 
between the largest terrestrial volcano and Maurolycus or 
Schickard. Moreover, there are no lava flows on the Moon, 
and most of the lunar craters differ from terrestrial volcanoes 
in having their floors lower than the surrounding plain. 

An alternative theory supposes the craters to have been 
made by the impact of huge meteorites upon the Moon, possibly 
at an exceedingly remote time when the Moon’s surface was 
plastic. To explain the lack of similar craters on the Earth, it 
is recalled that the Earth’s atmosphere protects it from all 
but the largest meteorites (page 261), and greatly diminishes 
the speed of even these; and it is further argued that, during 
many millions of years, the surface of the Earth has been 
eroded by the weather and the ancient scars may thus have 
been obliterated, while no such action has taken place on the 
airless Moon. The meteoric explanation derives some support 
from the appearance of Meteor Crater in Arizona (page 261), 
The circularity of the lunar craters, however, would seem to 
require us to suppose that the meteors all fell nearly vertically, 
which is highly improbable. Recent airplane photographs of 
holes that were formed by the explosion of bombs dropped 
upon the ground from airplanes resemble lunar craters, and 
lend some support to a view suggested by Ives, that the craters 
were formed by explosions due to the heat generated by the 
impact of meteors rather than to the splash made by the impact 
directly. 

The Light Received by the Earth from the Moon,—Com¬ 
parisons of the brightness of the Moon with that of the Sun 
are difficult and uncertain. Probably the most reliable value is 
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that deduced by Russell from the work of Herschel, Bend, 
Zollncr, and others, which makes the light given the Earth by 
the full Moon 1/465,000 that given by the Sun (stellar magni¬ 
tude of full Moon, —12.55). The brightness is much less at 
other phases, partly because of the smaller area of the visible 
illuminated surface, and partly on account of the presence of 
shadows; and it is less after full Moon than at the correspond¬ 
ing phase before full. The photographic brightness is less than 
the visual, showing that moonlight is yellow. It is, in fact, 
known to be somewhat yellower than sunlight, although this 
would not be suspected from the work of certain artists, who 
paint moonlight scenes in blue. 

The mean albedo, or reflecting power of the Moon, is given 
by Russell as 0.07; which means that the Moon reflects this 
fraction of the sunlight which falls upon it, absorbing the 
remainder. 

Temperature of the Moon.—Since the surface of the Moon 
is exposed to the rays of the Sun continuously for two weeks 
without the protection of an atmosphere, and then deprived of 
sunlight for an equal length of time, a great range of tempera¬ 
ture is to be expected. The measurements of Very indicate a 
maximum temperature of about ioo° C. The minimum must 
be near the absolute zero, which is — 273 0 C. 

The Question of Changes on the Moon.—If any changes have 
occurred on the Moon since it was first accurately mapped, they 
have been very slight. In the absence of any perceptible 
amount of air or water, no extensive erosion could take place, 
but the expansion and contraction of the rocks with the 
changing temperatures might indeed cause landslips on some 
of the many steep slopes. Unless such a change affected an 
area of a square mile or more, it would be extremely difficult 
to detect, and he would be dogmatic indeed who would say that 
no such changes occur; but we have no certain evidence of 
them. The little crater Linn6 has been suspected of change, 
for its present appearance is distinctly different from that 
shown by drawings and descriptions made by Madler early in 
the nineteenth century; but the evidence has failed to be 
universally convincing. A few observers, chief among whom is 
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W. H. Pickering, whose long experience and keen sight cannot 
be denied, have reported temporary greenish patches in 
Eratosthenes and some other craters which Pickering attri¬ 
butes to a low form of vegetation that passes through its life 
history in a synodic month. This would imply the presence 
in these craters of a slight amount of moisture and of some kind 
of atmosphere. Any observational evidence of changes on 
the Moon, however, must be accepted with caution because 
the appearance of certain parts changes strikingly with the 
direction of the Sun’s rays and it is extremely difficult to secure 
two photographs or drawings under identical conditions of 
lighting. 

If air and water are really totally lacking, life as we know it, 
either animal or vegetable, is of course impossible; and in 
the opinion of most astronomers the Moon is an arid, barren 
waste without life or sound or any change. 












CHAPTER VI 


ECLIPSES OF THE SUN AND MOON 

Shadows of the Earth and the Moon. — Since the Earth and 
the Moon are opaque and are illuminated by sunlight, each is 
accompanied on its orbital motion by a shadow which is ordi¬ 
narily invisible and which extends into space in a direction 
opposite that of the Sun. Occasionally the Moon passes into 
the Earth’s shadow and is darkened by a lunar eclipse; at 
certain other times, its shadow falls upon the Earth, darkening 
the Sun for favorably situated observers, and so producing a 
solar eclipse. Evidently, a lunar eclipse can occur only at full 
Moon and a solar eclipse only at new Moon. 

In Fig. 89 the formation of the shadows of the Earth and 
the Moon is illustrated diagrammatically, but it is impracticable 
to present the figure in correct proportion. For an Earth of 
the size depicted,the Sun should be nearly two feet in diameter, 
and about two hundred feet away, while the length of the 
shadows and the diameter of the Moon's orbit should be about 
six times as great as shown. The actual dimensions of the 
shadows may be found from geometric considerations as follows: 

Let L be the length of the Earth’s shadow, R the distance 
from the Earth to the Sun, d and D the respective diameters 
of the Earth and the Sun. The Earth’s shadow is a cone, of 
which the cross-section HC K is bounded by the common 
tangents BI< and AH drawn to the Earth and the Sun. On 
account of the Earth's great distance from the Sun as compared 
with the size of either body, these lines are nearly parallel (the 
angle between them is about half a degree, being slightly less 
than the apparent diameter of the Sun as seen from the Earth); 
hence the lines AB and HK, which join the points of tangency, 
very nearly coincide with the diameters D and d. In the 

similar triangles ABC and HKC we have ——— - — , 

R+ L D 
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whence LD — d{R + L) = o, and L— — —— 

D-d 

seen (page 96) that the Sun’s diameter D is 
about 109.5 times that of the Earth, and so 
d/(D— d) = 1/108.5. Therefore, since R is about 
93,000,000 miles, the length L of the Earth’s 
shadow is 1/108.5 X 93,000,000, or 857,000 miles. 
This length varies by about 28,000 miles with 
the changing value of R, but always far ex¬ 
ceeds the distance of the Moon, 

The length of the Moon’s shadow, as found 
by a similar calculation, is about 232,000 miles 
on the average, and varies about 4,000 miles 
either way. Since the Moon’s distance ranges 
from 222,000 miles at perigee to 253,000 at 
apogee (page 117), its shadow is sometimes long 
enough to reach the Earth, but more often falls 
short. In the former case, an observer situated 
on the line of centers of the Moon and the Sun 
may see a total solar eclipse; in the latter, the 
apparent diameter of the Moon is less than 
that of the Sun, and an observer on the line of 
centers may see a bright ring, or annulus of the 
Sun surrounding the black Moon; the eclipse is 
then said to be annular. 

The diameter, M N, of the Earth’s shadow at 
the place where the Moon crosses it may be 
computed from the similar triangles HC K and 
MCN. Thus, if A represents the Moon’s dis¬ 
tance from the Earth when it crosses the shadow, 

MN d , , ,. 

7-= — . The mean value of A being 239,000 

L — A L 

miles, this gives for MN about 5,700 miles; but 
its actual value varies by about 600 miles with 
the varying distance of the Moon from the 
Earth and of the Earth from the Sun. At its 
greatest, M N is about three times the diameter 
of the Moon, and, as the Moon travels a distance 


Now we have 



c 


Fig. 89, Shadows 
of the Earth 
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about equal to its own diameter in an hour, it may be wholly 
within the shadow (total lunar eclipse) about three hours, 
while the time from its first contact with the shadow until it 
finally leaves it may be as long as four hours. 

The shadow cast by a luminous body of appreciable angular 
size, such as the Sun, consists of two parts: the shadow proper, 
or umbra, which is the part discussed above, and the penumbra, 
which is the region included beLwcen the prolongations of the 
tangents A K and BH (Fig. 90). Within the umbra, the 
direct rays of the Sun are completely excluded, although some 
sunlight, refracted by the air, is bent into the umbra of the 
Earth. Within the penumbra, there is direct illumination from 
a part of the Sun's face, but not the whole of it. 



Effect of the Inclination of the Moon's Orbit.— If the Moon 
moved always in the plane of the ecliptic, there would be two 
eclipses, one of the Moon and one of the Sun, every month; 
but the plane of its orbit is inclined 5 0 to the ecliptic plane, 
and so the Moon usually passes either north or south of the 
line joining the Earth and Sun, and it is only when the Earth’s 
radius vector nearly coincides with the Moon's line of nodes 
that an eclipse can occur. Fig. 91 represents the terrestrial 
orbit with the Earth and the lunar orbit in two positions, as 
seen from a point about 45 0 north of the plane of the ecliptic. 
The dotted portion of the Moon’s orbit is south of the plane 
of the ecliptic, and must be thought of as lying behind the page 
on which the figure is drawn; while the remainder is north of 
the ecliptic, or above the page. In Position 1, the Moon passes 
above the Earth’s shadow at full Moon {B) and below the 
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Earth’s radius vector at new Moon (A), so that no eclipse 
occurs. In Position 2, the radius vector coincides with the line 
of nodes, the points A and B lie in the plane of the ecliptic, 
and, if the Moon is in the proper phase, an eclipse is inevitable. 

Ecliptic Limits; Frequency of Eclipses.—For an eclipse to 
occur, the Earth's radius vector must be near the line of nodes, 
but the two lines need not coincide exactly. The greatest 



angular distance of the Sun (or of the Earth’s shadow) from 
the nearer node which is compatible with an eclipse is called 
the ecliptic limit—lunar or solar, according to the kind of 
eclipse concerned. Fig. 92 represents a portion of the ecliptic 
and of the Moon's apparent path with the Earth's shadow and 
the full Moon in four positions. At A , both the Moon and the 
shadow are centered on the descending node. At D, the Moon 
just touches the shadow, and the distance AD, measured 
along the ecliptic, is the lunar ecliptic limit. Its value varies 
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so mew hat with the distance of the Moon, the dimensions of 
the shadow, and the inclination of the Moon’s orbit. When 
the Moon crosses the shadow at the point inhere its diameter 
is three times that of the Moon (i ?5), the distance between 
their centers is about i and, as the inclination is always near 
5°. or one-twelfth of a radian, the distance AD is then about 
12°. The maximum value of the lunar ecliptic limit is in fact 
12 “3, while the minimum is g?s- 
There is thus, under even the most favorable conditions, an 
arc of the ecliptic less than 25° long, extending to the major 
limit on either side of the node, within which the Sun must 
be situated at the time of full Moon if a lunar eclipse is to 
occur. The Sun moves along the ecliptic about a degree a 



Fig, 92, Lunar Ecliptic Limit 


day, and so will cross this region in twenty-five days; but 
the synodic month is more than twenty-nine days long, and 
so it is possible for the Sun to pass the node without our having 
a lunar eclipse at all. If a lunar eclipse does occur, even if it 
be just within the limit so that it is only a small partial one, 
before the Moon can be full again the Sun will have moved 
beyond the limit, and so only one eclipse of the Moon can 
occur at a given node passage. If the Sun pass one of the 
nodes early in January, it will pass the other in June and return 
to the first in December; for, on account of the regression 
of the nodes of about 18° a year, the interval between successive 
arrivals of the Sun at the same node, which is called the 
eclipse year, is only 346.62 days. The greatest possible number 
of lunar eclipses in a calendar year is therefore three, and a 
year may pass without any. 

An eclipse of the Sun will be visible somewhere on the Earth if the Moon 
touches the txnmdary of the region AK 1 IB (Fig. 89 or 93} which incloses 
the Earth and the Sun. The geocentric distance of its center from the 
Earth s radius vector is then the angle SEM (Fig. 93), which is the sum 
of the semidiameters REM and AES of the Moon and Sun, respectively 
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and the angle REA . This last angle is equal to the difference between the 
Moon’s geocentric parallax, KRE, and the Sun’s parallax, KAE. The 
semidiameters of the Moon and Sun Iwing each about o?2s, while the maxi¬ 
mum (horizontal) parallax of the Moon is atmut a degree and that of the 
Sun only 8'.'8, the angle SEM has a maximum value of 1?$. The solar 
ecliptic limit is therefore about 50 per cent greater than the lunar. 

The solar ecliptic limit ranges from 15 ?4 to 18?5. There is 
thus a region at least 31 0 long in which the Sun may be situated 
at the time of a solar eclipse, and, as it requires longer than a 
synodic month to traverse this arc, one solar eclipse is inevit¬ 
able and two are possible at a single node passage. If a (partial) 
eclipse occur early in January near the solar ecliptic limit west 
of the node, a second will occur in the same month; two solar 
eclipses may likewise happen at the other node in the middle 



of the year, and a fifth may occur in December; but a sixth is 
impossible in that year, for it must take place, if at all, about 
346.6 + 29.5 = 376 days later than the first, which would place 
it in January of the following year. The greatest possible 
number of solar eclipses in a single year is therefore five, and 
the least is two. 

When two solar eclipses occur at a given node passage, a lunar eclipse 
always takes place between them. The greatest possible number of eclipses 
in a single year is seven, either two of the Moon and five of the Sun or three 
of the Moon and four of the Sun, The least possible number is two, both 
of the Sun, 

Recurrence of Eclipses; the Saros.- -As the two conditions 
necessary for an eclipse are the appropriate phase of the Moon 
and proximity of the Sun to the Moon’s node, an eclipse must 
repeat itself after an interval that contains without a remainder 
both the synodic month and the eclipse year. The smallest 
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interval which even approximately does this is that which 
consists of 223 synodic months, being 6,585.32 days (18 years, 



Fic. 94, Paths of Total Solas Eclipses at Intervals of a Saros 

da y s )> w hich is only 0.46 day less than 19 eclipse years. 
The recurrence of eclipses in this interval was discovered in 
prehistoric times by the Chaldeans, who named the interval 



Fig. 95. Paths of Total Solar Eclipses at Intervals of Three Saroses 

the saros, signifying repetition. During the course of a saros 
there occur about twenty-nine lunar eclipses and forty-one solar 
ones, ten of the latter being total, and these eclipses are repeated 
approximately in the next saros, but are then visible in longi- 


Plate 6*i 



The Total Solar Eclipse of 1925 January 24, photographed by R* W. Bristol, 
Van Vltxk Observatory 



The Lunar Eclipse of 1874 October 24, from a pastel drawing by 
E. L. Trouvelot 
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tude 120° farther west, the Earth having made in the mean¬ 
time 6,585 rotations and a third of a rotation over. 

Fig. 94 shows the paths of three total solar eclipses occurring 
at intervals of a saros. After three saroses, or fifty-four years, 
one month, the eclipses return to nearly the same longitude, 
but, owing to the slight difference between the saros and an 
integral number of eclipse years, the Sun has then a position 
a little farther west with respect to the node and the eclipses of 
the new set occur a little farther north if at the descending node 
or farther south if at the ascending. Fig. 95 shows the paths 
of a number of central solar eclipses occurring at intervals of 
three saroses. These eclipses take place at the descending node, 
and so the series began at the north pole of the Earth and is 
sweeping slowly southward. 

Eclipses of the Moon.—The entrance of the Moon into the 
Earth’s penumbra makes no perceptible change whatever in 
its brightness, but as it approaches the edge of the umbra a 
darkening becomes noticeable at its eastern limb. This dark- 



Fic. 96. Refraction of Sunlight ry the Earth's Atmosphere 


ening is so slight, however, that the edge of the umbra, when 
the Moon encroaches upon it, seems black by comparison. In 
a telescope, even the deepest part of the shadow may usually 
be seen to contain some light, and when the Moon is completely 
immersed so that the eclipse is total it ordinarily remains easily 
visible to the naked eye; for it shines dimly with a dull reddish 
light which is sunlight, refracted into the shadow by the 
Earth's atmosphere as illustrated in Fig. 96, and tinged with 
sunset colors by selective absorption. 

The angles CIIV and .C K V, between the limits of the geometric shadow- 
cone and the extreme refracted rays, are each somewhat ov er i°. being twice 
the atmospheric refraction of sunlight at the horizon (page 57); hence the 
angle at V, which may easily be shown to lx; the sum of the angles IICK. 
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CUV, and CKV, is about 2?5, or five times the angle at C. The length 
of the cone IIV K, from which sunlight is entirely excluded, is therefore 
about a fifth of the length of the geometric shadow or 170,000 miles — much 
less than the least distance of the Moon from the Earth. As seen from the 
Moon during a total lunar eclipse, the Earth would usually appear sur¬ 
rounded by a ring of brightly illuminated air; but if, as sometimes happens, 
the air throughout this ring contains dense clouds, most of this light is cut 
off. D nder these circumstances, the Moon may. for a terrestrial observer 
completely disappear. 

Eclipses of the Sun.—A lunar eclipse, whether total or par¬ 
tial, can be observed simultaneously from every place on the 
terrestrial hemisphere that is turned toward the Moon. It is 
quite otherwise with eclipses of the Sun. A total solar eclipse 
can be seen only within the umbra of the Moon’s shadow, 
which, at the point where the Earth’s surface cuts it, is at 
most'only 168 miles in diameter; an annular eclipse can be 
seen within a region which may be 230 miles wide; and a solar 
eclipse is partial anywhere within the Moon’s penumbra, which 
at the Earth’s distance is some 4,000 miles in diameter — 
sufficient to include about half of the exposed hemisphere. As 
the Moon moves in its orbit its shadow, like that of a vast 
bird, passes over the Earth s surface; and the solar eclipse is 
visible successively from all the points in its path. 

The Moon and its shadow move eastward at a rate of about 
2,000 miles an hour. A point on the Earth’s equator is carried 
by the Earth’s rotation, also eastward, at about half that speed. 
Hence, the Moon s shadow passes an observer at the equator 
with a velocity of about t,ooo miles an hour. In higher lati¬ 
tudes, where the observer’s velocity is less, the shadow passes 
more rapidly, and if it falls obliquely, as it does when the eclipse 
occurs near sunrise or sunset, the relative velocity of the shadow 
and the observer may be as great as 5,000 miles an hour. The 
greatest possible duration of a total solar eclipse for a single 
observer is 7™ 58’; of an annular eclipse, 12'" 24’; and of the 
whole eclipse, from the first contact of the Moon's disk with 
the Sun until the last, a little over four hours. This maximum 
duration is achieved very rarely indeed, and a total solar 
eclipse that lasts five minutes is unusually favorable. 

Because of its brief duration and the very limited area 
within which it is visible, a total eclipse of the Sun is a phenom- 
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enon which many persons never see, although, taking the 
Earth as a whole, such eclipses are not rare. According to 
Rigge, only two such events could be seen at London and only 
three at Rome in the twelve centuries between a. d. 600 
and 1800. 

Astronomers go to remote parts of the Earth to observe 
them, often to be disappointed by cloudy weather after travel¬ 
ing thousands of miles. Probably no one has viewed the Sun s 


Fig. 97. Path of Solar Eclipse of 1925 

corona, which can be seen only while the eclipse is total, during 
an aggregate of thirty minutes. 

Fig. 97 shows the area within which the eclipse of 1925, 
January 24, was visible. It is thought that this total eclipse was 
observed by the greatest number of people of any in history, 
probably 20,000,000 having seen it in a clear sky in Connecti¬ 
cut and eastern New York. 

Total Solar Eclipses.—Many excellent writers and compe¬ 
tent observers have described total solar eclipses, giving accounts 
which are fascinating and memorable; but any one who has 
intelligently observed this most sublime of natural phenomena 
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knows that all descriptions fail to convey an adequate impres¬ 
sion of the reality. 

A moment after "first contact” the eastern limb of the black 
Moon may, with the protection of a smoked glass or overex¬ 
posed photographic film, be seen on the western limb of the 
Sun. As the Moon moves steadily eastward the black area 
grows, but for some time the only effect apparent on the 
Earth is in the images of the Sun formed by such small apertures 
as the interstices between the leaves of trees, which change 
from their usual circular shape to narrowing crescents—an 
effect which may of course be seen at any partial eclipse. 
About half an hour before totality, the landscape becomes 
perceptibly darkened and both the Earth and the sky assume 
an indescribably weird color due to the light coming from near 
the Sun s limb which is of a different quality from the stronger 
radiance of the center of the disk. As the light fades and its 
unusual color becomes relatively stronger, it is noticed not 
only by men, but by other creatures; birds fly about and twitter 
excitedly, roosters crow, and dogs bark. Before the beginning 
of totality, fowls go to roost, dew or frost may form, and many 
flowers close their blossoms. Several minutes before "second 
contact” (the beginning of totality), ghostly shadow bands 
may be seen flitting along upon any exposed white surface. 

1 hose are the shadows of waves in the Earth's atmosphere, ren¬ 
dered distinct by the narrowness of the remaining crescent 
of the Sun. 

All this is but preliminary to the great spectacle of the total 
eclipse. Just before second contact a favorably situated 
observer may see the Moon’s shadow in the air, looking like 
a vast thundercloud, but not so definitely limited, approaching 
from the west with a speed far exceeding that of any storm, 
being twenty miles a minute or greater. The thin crescent of 
the Sun’s eastern limb breaks up into "Baily’s beads," which 
are due to the Sun shining between irregularities at the limb 
of the Moon; while at the western limb there appears already 
the glow of light from the inner corona, the wonderful pale 
envelope of the Sun which can be seen only when the main 
body is covered by the Moon. In the eclipse of 1925 one of 
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the "beads” persisted after the corona was distinctly visible 
all around the Moon, giving an appearance that was likened 
by thousands of delighted spectators to a diamond ring. The 
majesty of the spectacle at this point is such that it seldom 
fails to silence the chattering crowds of spectators. 

The "beads" last but an instant, and then the full glory of 
the corona presents itself. Its form is never the same at two 
different eclipses, but it always consists of a bright ring around 
the Sun (and Moon), with irregular streamers extending several 
solar diameters away. In color it is pearly white. At its inner 
edge it is very brilliant, contrasting sharply with the dead- 
black Moon, while its outer streamers fade imperceptibly into 
the sky, which, if clear, is of a deeper blue than at other times, 
and on which are visible the brighter stars and planets. Often 
to the unaided eye and usually with a telescope, there may be 
seen rosy, flame-like prominences or protuberances extending 
from the red chromosphere which is visible at the disappearing 
or the reappearing limb of the Sun. Strangely enough, no 
account of the prominences was ever given before the eclipse of 
1842, although they have been seen or photographed at most 
total eclipses that have been observed since. 

The only changes to be noted during totality are those due 
to the motion of the Moon as it covers the inner corona and 
prominences at the eastern limb of the Sun and uncovers those 
at the western limb. From third contact, the end of the total 
phase, to fourth contact, when the Moon finally leaves the Sun’s 
disk, the events of the earlier part of the eclipse are repeated 
in reverse order. 

The spectacular features of the eclipse are sometimes 
heightened by the presence of a few clouds, and even if the sky 
is completely overcast the sudden coming of darkness at mid¬ 
day is exceedingly impressive. The darkness of an eclipse is 
never very deep, for the corona gives about half as much light 
as the full Moon, and the air and clouds forty or fifty miles 
away, where the Sun is only partially eclipsed, are still brightly 
illuminated. 

A total solar eclipse affords a unique opportunity for many 
important investigations, such as: 
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(1) The study of the corona; visually, with long-focus 
camera, and with the spectrograph, the photometer, and the 
polari scope, 

( 2 ) _ Photography of the spectra of the chromosphere and 
prominences and the "flash spectrum” (page 166). 

(3) The search for new planets and other bodies near the 
Sun. 

{4) Determination of the exact relative position of the Moon 
and Sun by observation of the contact times. 

(5) Photography of the field of stars around the Sun to 
detect and measure the “Einstein displacement” due to the 
Sun’s gravitational effect on light (page 226). 

Prediction of Eclipses. — From a knowledge of the elements 
of the orbits of the Earth and the Moon and of the changes of 
these elements such as the regression of the line of nodes, it is 
possible to predict far in advance the circumstances of any 
eclipse and the time, within a few seconds, when it will occur. 
The calculation of a lunar eclipse is simpler than that of a 
solar one since the circumstances of the former are the same 
for all points from which it is visible. In a great work named 
Canon der Finsternisse, Oppolzer of Vienna has given the 
approximate data concerning all the eclipses that have occurred 
since 1207 b. c. or that will occur up to a. d. 2162, with maps 
showing, for central solar eclipses, the paths of the Moon’s 
shadow on the surface of the Earth. 


CHAPTER VII 


SPECTROSCOPY 

The Analysis of White Light. — Although in ordinary speech 
the words white and colorless are often used as synonyms, it 
is a fact that white light, such as the light of the Sun, is in 
reality a mixture of light of all the different colors. This was 
first proved in 1666 by Sir Isaac Newton, who placed a tri¬ 
angular glass prism in the path of a beam of sunlight that he 
had admitted to a dark room through a hole in a window' 
shutter, and found that the beam was not only deviated from 
its original path by the refraction of the prism, but that it 
was spread out into a band of light, red at the least refracted 
end and violet at the other. This band of light is called a 
spectrum and the separation of the colors by the prism is 
called dispersion. To show that the colors were not bestowed 
upon the light by the prism, Newton isolated from the spectrum 
a ray of a single color by passing it through a hole in a second 
screen, and placed in its path a second prism, when he found 
that, although the ray was further deviated, its color was no 
further changed; and he also recombined the colors of the spec¬ 
trum by reversing the second prism, when the light again 
appeared white. 

The branch of physical science that deals with the analysis 
of light, of which Newton’s simple experiments were the begin¬ 
ning, is called spectroscopy. In the form into which it has been 
developed in the nineteenth and twentieth centuries, it has 
made possible the study of the chemical constitution, tempera¬ 
ture, and motion of any source of light, whether it be a flame 
or electric spark in the laboratory or a distant body like the 
Sun or a star; and it is to spectroscopy that w r c owe much of 
the advance of astronomy since about i860. 

The Rainbow. — The rainbow', one of the most beautiful of 
natural phenomena, is a natural spectrum produced by the 
dispersion of sunlight by spherical raindrops. It appears as 
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a n arch of colored light having its center on the prolongation 
of the line from the Sun through the observer's eye, and there¬ 
fore seems to move over the landscape if the observer moves. 
Most of the light of the rainbow is contained in the primary 
bow, which has a radius of about 42°; but there is also often 
seen a fainter secondary bow, of radius 31°, and sometimes 
certain very faint supernumerary bows near the inner edge of 
the primary and the outer edge of the secondary. 

here- 1 'butTif® f C ^ ,ana . tion of these appearances cannot be entered upon 

vT’fifa h 16 P T, ary ***" 15 llriefl y 35 follows: A ray of sunlight 

1 a/the S ? enCa dr ° pof water at A > atld ^ refracted and dispeSed 

h is rcflectel a th e l PnSm ' f ' le n / y : Say the P^'ccd. to B, where 

reflected at the mner surface of the drop, is refracted a second lime at 

t\ and emerges in the direction CO. It 
may be shown from the refractive index 
of water and the geometric relations in¬ 
volved that the direction, CO, along 
which yellow light emerges most copi¬ 
ously, makes an angle of 42 0 with the 
incident ray SA. An observer at O, 
therefore, receives yellow light from all 
raindrops that are situated upon a cone 
having his eye for vertex, the prolong¬ 
ation of the line from the Sun through 
his eye as axis, and a semi-angle of 



Fig, 98. Optics of the Rainbow 


,.o « axis, ana a semi-angle o 

ot w In h ti T ° C ml u' “ each dr °P fa!ls - ifcs place is taken by an- 
whicli 3n h t C observcr lla s the impression of a continuous arch ofKght 
which would tie a complete circle but that the supply of raindrops ends at 
the horizon. It is obviously impossible to see a min!>ow pr«STv tlt 
bun when ts altitude is more than 42 °. and raint>o3m m^mmol 
seen in early morning or late afternoon. In both refractions at the surface 
thG ? ,s deviated ]ess than lhe yellow and the violet more 

•md f Igh 7 a eS *5? eyG fr0m drops 0lltside the eonc of yellow rays 

and violet from drops mside. and the colors of the spectrum are to lie 

m the luminous arch, the red at the outer edge and violet at the inner The 

bow . ’ s fon!led of li ght that enters the drop at the lower instead 

ft the ‘ S i tW1CC refiCOted ' and emer K cs from the upper side. In 

t, the order of the colors is reversed so that red is at the inner edge. 

The Pnsm Spectroscope.—When the source of light is a 
body of large angular size like the Sun, as in Newton's experi¬ 
ment and in the rainbow, the rays from different parts of the 
source strike the prism (or raindrop) at different angles and 
emerge at different angles, so that the colors in the resulting 
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spectrum are mixed, the green light, for example, from one 
point of the source falling upon the red light from another. 
To obtain a pure spectrum with a prism from such a source it is 
necessary to pass the light first through a narrow slit placed 
parallel to the refracting edge of the prism. Even then the 
colors will mix unless all the rays of a given color be made 
to pass through the prism parallel to one another and to meet 
at a focus after leaving it. 

An instrument for studying the spectrum visually is called 
a spectroscope; if arranged for photographing the spectrum it 
is called a spectrograph. In the most usual type of prism spec¬ 
troscope the conditions necessary for producing a pure spectrum 
arc met as follows: The light from Lhe luminous body /•' (Fig. 
99) first enters the slit S (only a few thousandths of an inch 
wide), the rays from different parts of the source crossing at 
the slit and diverging beyond. At a distance from the slit equal 
to its own focal length is placed the collimating lens C, which 
renders the rays parallel. This 
broad beam of parallel rays 
then passes through the prism 
P, which disperses the light 
into its component colors. On 
emergence, all the rays of a 
given color are parallel to one fig. 99. The Prism Spectroscope 
another, but are not parallel to 

rays of other colors. The light then passes through the 
objective 0 , which focuses the red light at Ii and the violet at 
V', the other colors being arranged between to form a spectrum, 
which may be photographed by placing a sensitive plate in 
the plane or may be studied visually with an eyepiece 
which, with O, would form the view telescope. For studying 
the spectra of the heavenly bodies, the spectroscope is ordina¬ 
rily attached to an astronomical telescope, the slit being placed 
in the focal plane of the objective, so that a bright image of 
the heavenly body is formed at the slit. The astronomical 
telescope thus becomes merely a collector of light. To secure 
high dispersion, the light is in some spectrographs passed succes- 
sively through two or more prisms. 
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For a general inspection of the spectrum, a convenient form of spectro¬ 
scope is one provided with a direct vision prism, which consists of a com¬ 
bination of prisms of flint and crown glass, usually arranged as in Fig roo 
A wide-angle prism of flint glass producing considerable dispersion is placed 
between two inverted crown-glass prisms. Since crown glass has a smaller 
dispersive power than flint, these rectify the devia¬ 
tion of the central ray of the spectrum without en¬ 
tirely destroying the dispersion. In small pocket 
spectroscopes intended for laboratory work, a di- 
Fig, igo, a Direct- rect-vision prism is used without a view telescope 
Vision Prism since the emergent beam is already small enough to 
. enter the pupil of the eye. 

special puTOs m0difiCati ° nS * ^ f ° rm ° f the a P ectro «‘^ are ™de for 

Development of Spectroscopy.—In 1802 Wollaston, in 
England, improved upon Newton’s experiment by admitting 
the light to his prism through a narrow crevice (one-twentieth 
inch wide), thus obtaining a spectrum of greater purity, and 
noticed that the spectrum of sunlight was crossed in a number 
of places by dark lines which did not appear in the spectrum of 
a candle flame. A few years later, the great German optician 
Fraunhofer further improved the spectroscope by using a 
narrow slit and a collimating lens and viewing the spectrum 
through the small telescope of a theodolite. He thus observed 
about seven hundred of the dark lines, which have since been 
known as Fraunhofer lines. He found that the dark lines 
occupied a fixed place in the spectrum, and, although he was 
unable to explain their meaning, he realized their importance 
as points of reference and made a careful map of their position, 
denoting the more prominent ones with the letters of the 
alphabet, beginning in the red with A. 

In 1822, Sir John Herschel observed that a flame impregnated 
with certain metallic salts exhibited a spectrum consisting of 
isolated bright lines (each being an image of the slit), whose 
position was characteristic of the substance with which the 
flame was fed. Fraunhofer and others further noticed that the 
position of the single yellow line of which the spectrum of 
sodium seemed to consist was identical with that of the dark 
line in the spectrum of the Sun which Fraunhofer had lettered 
D. In 1859 Kirchhoff, by a brilliant series of investigations, 
showed that the spectra of different chemical substances which 
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were brought to incandescence in a gaseous form were character¬ 
istic of the substances, no two being alike, and that dark lines 
were produced by the absorption of light by gases through 
which it passed. The work of Kirchhoff gave a great impetus 
to the study of spectroscopy and formed the basis of much of 
its application to Astronomy. 

The Production of Spectra.—Astronomical spectra are inter¬ 
preted by comparing them with the spectra of sources of light 
artificially produced. These sources are principally flames, the 
electric arc, the electric spark, and vacuum tubes. Only a few 
elements, among which are sodium, lithium, and strontium, can 
be volatilized at so low a temperature as that of a flame. 
Their spectra may be obtained by placing small quantities of 
their salts in the flame of a Bunsen burner. All metals are 
sufficiently heated to yield their characteristic spectra when an 
electric arc is made between terminals composed of the metal, 
or when a spark from an induction coil is passed between such 
terminals. The spectra of permanent gases, such as hydrogen, 
helium, or argon, are best studied by causing the gas to shine 
in a vacuum tube. This is a tube of glass or quartz with a 
slender middle portion, in the ends of which are sealed metallic 
terminals for leading in an electric current. The tube is 
exhausted of air and a very little of the gas is introduced, of 
course at very low pressure, after which the tube is hermetically 
sealed. When the metal terminals are connected to an induc¬ 
tion coil or static electric machine, the gas glows with a soft 
light that fills the tube. 

Kinds of Spectra.—Spectra are generally classified as bright- 
line, continuous, and dark-line spectra. In the first kind, all 
the light of the spectrum is contained in separate bright lines, 
each an image of the slit, the spaces between the lines being 
completely vacant. A continuous spectrum is one in which 
the light is spread out in a continuous band without inter¬ 
ruptions. A dark-line spectrum consists of separate dark lines 
which, to be detected, must be seen against a background of 
continuous spectrum. Such a spectrum is the reverse of a 
bright-line spectrum. Examples of these different types of 
spectrum are shown in Plate 7.1. 
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The Principles of Spectral Analysis.—The work of Kirchhoff 
established the following principles, which, although there are 
exceptions, form a general basis for the analysis of sources of 
light by means of their spectra. 

1. An incandescent solid, liquid, or compressed gas gives a 
continuous spectrum. Examples are found in the spectrum of 
red-hot or molten iron and in that of the glowing filament of 
an electric lamp. A rarefied gas also is known to yield a 
continuous spectrum under certain circumstances, as in the 
depths of some of the giant stars. 

2. An incandescent gas under low pressure gives a bright- 
hne spectrum, the positions of the lines being characteristic of 
the chemical nature of the gas. Every known chemical element 
has more than one line in its spectrum, although in many cases 
two lines, as the two visible lines of sodium, which are yellow, 
are so close together that they appear as one in small spectro¬ 
scopes. The spectra of many of the metals contain hundreds 
or thousands of lines. No two elements are known to have 
spectra with even a single line in common. Lines of many 
elements occur in what seems to the eye to be the same color 
but they always differ, though perhaps but slightly, in their 
position in the spectrum. For example, the spectrum of 
helium contains a prominent yellow line, the color of which 
the eye could not possibly distinguish from that of the sodium 
line; but when the two spectra are confronted in the same 
spectroscope, it is found that the helium line lies the farther 
toward the violet, 

3. When light from a source that gives a continuous spectrum 
shines through a gas whose temperature is lower than that of the 
source, dark lines appear in the spectrum in the positions character¬ 
istic of the bright lines belonging to the gas. In other words, a gas 
absorbs from a beam of light just those rays that it emits, and 
no others. Dark-line spectra arc often referred to as absorption 
spectra. The lines in such spectra are never totally black, but 
appear dark by contrast with the luminous background of con¬ 
tinuous spectrum; the gas through which the light shines is 
emitting as much light as ever. 

Selective absorption is sometimes produced also by liquids 
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and solids, as for example the Crookes glass used for special 
kinds of spectacle lenses, or a solution of chlorophyll, the 
coloring matter of green leaves. This kind of absorption is 
manifested by dark bands that are broad and hazy, and not 
made up of fine lines. 

The three principles may be illustrated as follows: Before 
the slit of a spectroscope is placed an incandescent electric lamp; 
the glowing filament is an incandescent solid, and a continuous 
spectrum is seen in the spectroscope, illustrating the first 
principle. The spectrum is brightest if an image of the fila¬ 
ment is thrown upon the slit by means of a convex lens of 
which the ratio of aperture to focal length is about the same 
as that of the collimator, so that the collimator and prism are 
filled with light. Let an alcohol lamp be placed between the 
slit and the electric lamp, and let the latter be turned off. 
The blue alcohol flame is so nearly transparent that probably 
no light will be seen in the spectroscope, but if a little common 
salt (sodium chloride) be inserted on a wire at the base of the 
flame the sodium will be vaporized and the flame will be colored 
yellow by incandescent sodium gas; and in the spectroscope 
will be seen the two bright yellow lines of the sodium spectrum, 
exemplifying the second principle. Now let the electric lamp 
be turned on again, so that its light passes through the sodium 
flame; the continuous spectrum again appears, but this time 
it is crossed by a pair of dark lines in the yellow in the position 
that was occupied just before by the bright sodium lines. 
This illustrates the third principle. 

The Solar Spectrum—In Plate 7.1, the colored dark-line 
spectrum represents that of the Sun as it appears in a grating 
spectroscope of moderate dispersion. The most prominent 
lines are marked with their Fraunhofer letters. From the 
third principle of spectral analysis, since the solar spectrum is 
a dark-line one, wc may infer at once that the Sun consists of a 
central core of highly heated material in such a state as to give 
a continuous spectrum, and that this core shines out through 
an envelope or atmosphere of less intensely heated gases. 
Moreover, by comparing the solar spectrum with the spectra 
of terrestrial substances, the presence of many familiar elements 
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m this gaseous envelope may be established. Plate 7.1 (below) 
shows a portion of the violet end of the spectrum of an electric 
arc that was formed between rods of iron and, on either side 
of this, the corresponding part of the spectrum of the Sun, 
In making the photograph, the middle of the slit of the spectro¬ 
graph was illuminated by the arc while the ends were covered; 
then the middle was covered and the ends were illuminated by 
sunlight. 1 he spectra are thus made to correspond exactly, 
and it is seen that each of the bright iron lines has a dark 
counterpart in the spectrum of the Sun. Some two thousand 
of these coincidences have been established, giving two- 
thousand-fold evidence that the atmosphere of the Sun con¬ 
tains iron. Since, in order to produce spectral lines, the iron 
must be so hot as to be not only melted, but vaporized, and 
since the core must be hotter still, this feature of the spectrum 
is alone sufficient to inform us that the Sun is intensely hot. 
*1 he principal Fraunhofer lines are as follows: 

A. A band in the extreme red, sharply defined on the side toward the violet, 
due to oxygen, but I>elonging to the Earth’s atmosphere instead of the 
Sun s as shown by its intensification when the Sun's altitude is low, 1 

a* A rather narrow baud in the red, due to terrestrial water vapor. 

B. Band in the red* similar to A, due to terrestrial oxygen* 

C. Line in the red due to solar hydrogen; identical with Ha* 

D. I double line in orange-yellow, due to sodium in the Sun* 

E* Close group of lines in green, due to iron and calcium* 
b. Close group in green, due mainly to magnesium* 

F. Hydrogen line in blue-green, identical with Htf* 

Cx* Composite band in blue-violet* 

il* \ ery broad calcium line in extreme violet* 

K* \ery broad calcium line, similar to H, in very extreme violet. K was 
not lettered by Fraunhofer, and can be seen only when very bright sun¬ 
light is used; but on photographs, H and K are the most prominent of all. 

The Spectra of the Stars,—The great majority of the stars, 
like the Sun, show dark-line spectra, suggesting that their 
general architecture is the same as that of the Sun* Many 
star spectra are in fact practically identical with the solar 
spectrum, and it is certain that the stars are distant suns; hut 
there is a very great variety in the arrangement and relative 

1 ky the absence of a Doppler-Fizeau displacement when the spectra of 
t lc receding and approaching limbs of the Sun are compared (page 176). 
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intensities of the lines in stellar spectra, corresponding to a 
vast range in the constitution of the stars. This subject will 
be discussed further in Chapter XIII. 

The Spectra of Nebulae. — Most of the nebulae that are 
located in the Milky Way show bright-line spectra and are 
believed to be vast masses of luminous, tenuous gas. The lines 
shown include those of hydrogen and helium and also others 
that have never been identified with any terrestrial substance 
and are sometimes spoken of as belonging to a hypothetical 
element called "nebulium.” 

Most of the extra-galactic nebulae that are bright enough for 
spectroscopic study exhibit dark-line spectra. 

Dispersion by a Grating.—A diffraction grating is made by 
ruling fine, equidistant lines with a diamond point upon a 
polished surface of glass or metal. When white light is trans¬ 
mitted or reflected by such a ruled surface it is dispersed, not 
into a single spectrum, but into many, and the dispersion is 
the greater the closer the ruling. Gratings having 15,000 or 
more lines to the inch are often used in powerful spectrographs 
in place of prisms; but in astronomic spectroscopy their use 
is confined almost entirely to the study of the spectrum of the 
Sun, since only a fraction of the light is contained in any one 
spectrum and the light of the stars is too feeble to permit the 
use of such a wasteful instrument. In the grating spectrum 
the order of the colors is the reverse of that in the prismatic 
spectrum, the red being deviated most and the violet least. 

In Plate 7.3 is shown the great tower telescope of the Mount Wilson Observ¬ 
atory. The tower is made double, each upright and cross-piece shown in 
the photograph inclosing a similar one that belongs to the inner tower. The 
outer tower supports the dome and protects the inner tower from the wind; 
the inner one supports at the top a coelostat, an arrangement of mirrors 
driven by clockwork so as to reflect the Sun’s light vertically downward, 
and, just below this, a twelve-inch lens of 150 feet focal length, which forms 
a seventeen-inch image of the Sun at the foot of the tower. In the seventy- 
five-foot well beneath is placed a grating spectrograph having its slit in the 
focal plane of the lens so that the spectrum of any part of the Sun may be 
photographed with enormous dispersion. It was with this spectrograph that 
the photograph of the solar spectrum reproduced in the lower part of Plate 
7,1 was made. The movements of the dome, coelostat, and spectrograph 
are, of course, controlled electrically. 
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Wave Theory of Light, The action of the grating upon 
light is extremely important, for it shows that light consists 
of waves, the length of which is different in light of different 
colors, and enables the experimenter to measure the length of 
these waves. 

A complete discussion of the grating is far beyond the scope of the present 
book, and for this the reader is referred to advanced works on physics; but 
some idea of the theory may 1 >e given as follows: In a homogeneous medium, 
waves spread out from a point-source with equal velocity in all directions, 
so that the wave-front is a sphere with the source at the center and the light 
is propagated in straight lines radially from the source. If the light en 
counters an obstacle, the waves bend slightly around the edge, and the limit 

of the shadow cast by the obstacle is not 
perfectly definite. This bending is called 
diffraction. The shorter the wave, the less 
the bending, and light-waves are so short 
that the diffraction is difficult to detect 
unless the source of light is very small and 
the edge of the olDstacle very sharp. J n the 
grating, the diamond-lines are effective 
obstacles with very sharp edges, the light 
being tra n smi tt e d or reflected by the 
narrow spaces of polished glass between 
them* Let A and B T Fig. ioi,be the upper 
edges of two adjacent spaces of a grating, 
seen edgewise and highly magnified, and 
let the grating be illuminated from the 
left side with light of a single wave-length. 
Waves of light will l>c diffracted and will 
proceed in all directions from A and from 
B* Let the light lie focused upon a screen CD by means of a convex lens. 
\\ aves that proceed from A and B in a direction normal to the grating 
will meet at £, after having traveled equal distances. Hence, the crest of 
a wave arriving from A will meet the crest of one arriving from B, and the 
two will reinforce each other — there will 1*c constructive interference. At 
a certain point II above h* y and at another IV the same distance lx?low /£, 
the wave from one of the airertures will have traveled farther than the one 
from the other by a distance equal to half the wave length; there a crest 
from A will meet a trough from B, and the waves will neutralize each other 
there will be destructive interference. At K and K' the difference of 
path, BX . is one whole wave-length, constructive interference again occurs, 
and a bright point like that at A is produced; and there will be a succession 
of these bright [Joints where the difference of path from adjacent apertures 

is o, X, . where X is the wave-length of the light. If light of a 

different wave-length be used to illuminate the grating, its bright points 
fall between those that we have established, and so light of different wave¬ 
lengths is sorted out and a spectrum is formed. The greater the wave- 



Plate 7.1. Maps of Grating Spectra 



1, A continuous spectrum 

2. The visible part of the Hydrogen spectrum 

3. The visible part of the Sodium spectrum 

4, The solar spectrum showing the lettered Fraunhofer lines 

Below; The spectrum of Iron with solar spectrum on either side. Photographed 
with high-dispersion spectrograph at ML Wilson Observatory 
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length BX\ the greater will be the distance EK , and from the distance EK 
and the distance of the screen from the grating it is easy to calculate the 
wave-length. 

The grating thus sorts out the light according to wave- 
length, producing a series of bands, in each of which the light 
of greatest wave-length is deviated the most. What we actually 
see is a series of spectra, in which the red is deviated most; 
hence, color must be a matter of wave-length, and red waves 
must he the longest of those that impress the eye. It is 
customary to express the wave-length of light, which is always 
very small, in terms of what is called the Angstrom unit, 
which is one ten-millionth of a millimeter (10-* cm), Measure¬ 
ment with the diffraction grating shows the ^ wave-length of 
the reddest visible light to be about 7,800 Angstrom units, 
while that of extreme violet light is about half as great. 

It may be noted that in grating spectra, the distance between 
any two lines is proportional to their difference of wave-length. 
This is not true of spectra produced by prisms; there the dis¬ 
persion is greater in the blue end than in the red. 

Comparison of Light and Sound.—II is well known that sound consists 
of waves in the air and that the length of the waves determines the pitch 
of the sound, a high note being due to a short wave-length. The wave¬ 
length of middle C of the scale is about four feet, enormously greater than 
that of visible light. Ascending the scale one octave divides the wave¬ 
length by two, ascending two octaves divides it by four, and so on. Since 
the wave-length of violet light is about half that of red, it is evident that 
the eye is sensitive to but a single octave of light, while the ear detects 
sound over a range of some ten octaves. 

The velocity of sound is about 1 ,090 feet per .second, while that of light 
is, as we have seen, about 186.000 miles per second. The frequency of middle 
C is 256 waves per second. That of yellow light, having the wave-length 
of the D line of sodium, is about 500.000,000,000,000 (5 X io H ) per second. 

Sound-waves are longitudinal—that is, the motion of the particles of air 
is backward and forward along the line of advance of the wave. Light¬ 
waves are transverse. In ordinary light the wave-motion, or vibration, 
while always at right angles to the direction of propagation, takes place in 
all possible azimuths; but by certain means, as by passing the light through 
a Xicol prism made of a crystal of Iceland spar, the light may be plane 
polarized, when the vibrations all take place in the same plane. 

The ear is provided with a special organ, called the organ of Corti, by 
which we recognize sounds of different pitch. even when they are produced 
simultaneously, as by an orchestra or a choir; but the eye has no such mech¬ 
anism, and its place may be said to be taken by the spectroscope. 
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Light certainly does not consist, as sound does, of waves in the oir; for 
it is transmitted freely through interstellar space and through artificial 
vacua, This fact has led physicists to postulate the existence of a medium 
called the luminiferous ether, a highly elastic, perfectly incompressible sub¬ 
stance of great density which pervades all space and yet which is so impon¬ 
derable that it offers no resistance to the motion of such material bodies 
as the planets and the stars. This is about equivalent to saying that empty 
space has properties other than those attributed to it in ordinary geometry, 
which enable it to transmit energy-carrying waves, the passage of which 
requires finite time. 

Invisible Radiation, —Although the eye is not sensitive to 
light of wave-length shorter than about 3900 Angstroms, a 
photographic plate placed beyond the violet of the spectrum 
shows the existence of much shorter waves which are called 
ultra-violet, bight from the heavenly bodies u.nd from terres¬ 
trial sources may be photographed down to about 2900 
Angstroms, but the Earth’s atmosphere is almost perfectly 
opaque to waves shorter than this, so that the extreme ultra¬ 
violet is of no consequence astronomically. Using reflection 
gratings inclosed with their sources of light in vacua, Millikan 
has detected lines in the spectra of certain elements due to 
waves as short as 200 Angstroms* 

The wave-length of X-rays is of the order of one Angstrom* The finest 
artificial gratings are much too coarse to use in the study of X-ray spectra, 
and recourse is had to crystals, in which the natural orderly arrangement 
of molecules replaces that of the ruled lines of the artificial grating, 

A delicate thermometer, or, better, a thermopile, shows that 
beyond the red of the visible spectrum lies a great range of 
wave-lengths belonging to what is called infra-red light. There 
is, in fact, no break in the series between these waves and the 
long waves produced at radio broadcasting stations, which are 
in some cases several miles long. The longest ether wave is 
thus some 100,000,000,000,000 times as long as the shortest, a 
range of nearly fifty octaves, to only one octave of which 
the human eye is sensitive. Ultra-violet, visible, and infra-red 
waves are all included in the physicist’s term radiation. 

The Pressure of Radiation. It was shown theoretically by Maxwell in 
1873. and experimentally by Nichols and Hull and by Lebedew in rpoo, 
that radiation exerts a pressure upon any surface on which it falls* This 
pressure is so feeble that it is very difficult to detect by experiment, but 


SPECTROSCOPY 


155 


it is important in the study of the motion of fine particles near the Sun or 
the stars, such as occur in comets and in stellar atmospheres; for the radi¬ 
ation pressure upon a body is proportional to the body’s area or {for a sphere) 
to the square of its radius. The Sun’s gravitational attraction for the lx>dy 
is proportional to its mass or, for a given density* to the cube of its radius. 
Both are inversely proportional to the square of its distance from the Sun. 
Therefore, whatever the distance, the ratio of radiation pressure to gravi¬ 
tational attraction is inversely proportional to the first power of the radius; 
hence, there must be a certain critical diameter for a body of given density, 
for which the light-pressure equals the attraction. Bodies having a diameter 
less than this critical value (which, for unit density, is about 0*0015 nim.) 
will be repelled instead of attracted by the Sun. The pressure of radiation 
affords an adequate explanation of the behavior of the tails of comets and 
is of importance in considerations of the equilibrium of gases in the solar 
chromosphere and in the hotter stars* 

Series of Lines in Spectra. — In the spectra of many elements, 
the lines are so placed as to form a series, in which the wave¬ 
lengths of the different lines fall into a simple formula. The 
most obvious of these series is that of hydrogen (Plates 7,1 and 
7*3), A wide gap intervenes between the red line, Ha, and the 
green one, H0; a shorter gap between U0 and the blue line, 
Ht ; and as we proceed into the ultra-violet the gaps become 
shorter and shorter until the lines are found to crowd closely 
together at about X3646, The Swiss physicist Balmer showed 
in 1885 that the wave-lengths of the hydrogen lines could be 
expressed by the formula 

X = 3646 ~— 

— 4 

by giving to n the successive values 3, 4, 5, etc. Thus, if n = 3, 
we get X = 6563, the wave-length of Ha; if « = 4, X = 4862, 
the wave-length of H/ 9 ; and so on. The hydrogen spectrum 
contains another series of lines in the far ultra-violet, and still 
another in the infra-red. Many other elements besides hydro¬ 
gen exhibit series of spectral lines, but the hydrogen series is 
the simplest. 

The Structure of the Atom and the Production of Light.— 

The investigations of many physicists, chief among whom is 
Bohr of Denmark, have shown that many phenomena, including 
those of spectral series, are best explained by supposing that 
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the atoms of matter are miniature solar systems, the Sun being 
represented by the nucleus of the atom which consists of a 
number of indivisible units of positive electricity called protons 
sometimes combined with a smaller number of negative units 
called electrons, while other electrons revolve around the nu¬ 
cleus like planets around the Sun, Although the quantity of 
electricity in the electron is exactly equal to that in the proton, 
the mass of the proton is some 1,800 times that of the electron, 
and so the mass of an atom is concentrated principally in its 
nucleus* The diameter of either the electron or the proton 
is estimated at to -13 cm., while that of the average electronic 
orbit is about io - * cm* — a hundred thousand times as large as 

the proton and of the order of the 
wave-length of X-rays. The 
atom is thus conceived to be 
mostly empty space* 

The simplest atom, according 
to the Bohr theory, is the atom 
of hydrogen, and it consists of a 
single proton and a single revolv¬ 
ing electron. The electron may 
revolve in any one of many orbits, 
at distances from the proton that 
are proportional to the squares of 
the natural numbers-—that is, to 
x, 4, 9, t 6, etc. The orbits are usually elliptic, but may be circu¬ 
lar, and the four inner orbits are so represented in Fig* 102* So 
long as the electron continues to revolve in any one of these 
orbits the atom neither emits nor absorbs light; but, contrary to 
the state of things in the Solar System, it is capable of jumping 
suddenly from one orbit to another. If it falls from an outer 
orbit to an inner one, the atom loses energy' by a definite 
amount, which is called a quantum, and an ether disturbance 
of a definite wave-length is sent out* The length of this wave 
depends upon the distance fallen through by the electron; if it 
falls from the third to the second orbit, Ha-light is emitted; if 
from the fourth to the second, H#-light; if from the fifth to 
the second, Ht-light; and so on. If the electron falls from any 



Fig. ioa. Orbits of the Hvdro- 
geh Electron' 
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outer orbit to the first, a line of the ultra-violet series is emitted; 
if to the third, a line of the infra-red series* 

The quantum of energy is proportional inversely to the wave-length and 
therefore directly to the frequency of the light-waves, and is equal in every 
case to hv where v is the frequency and h is a constant known as Planck s 
constant. 

When energy is imparted to the atom, as by the absorption 
of radiation passing through the body of gas, an electron is 
expelled from an inner orbit to an outer. 

According to the Bohr theory, the atom of any chemical 
element in its normal state contains just as many electrons as 
protons; all the protons are in the nucleus, and if the latter 
contains electrons also, as in many elements it docs, the pro¬ 
tons must exceed the nuclear electrons by a number equal to 
that of the revolving electrons. The chemical elements differ 
from one another by the number of excess protons in the 
nucleus, and this is known as the atomic number. The helium 
nucleus is believed to consist of four protons and two electrons, 
while in the normal helium atom two additional electrons 
revolve in orbits that are mutually inclined at an angle of 
i2o°. The atomic number of helium is thus 4—2 = 2* The 
atomic number of lithium is three, that of sodium is eleven, 
that of iron is twenty-six, and that of uranium, the most com- 
plicated atom, is ninety-two* 

When an atom is acted upon by a powerful electric current 
or a very high temperature, one or more of the revolving 
electrons may be not only expelled to an outer orbit, but may 
be entirely lost to the atom, which is then left with a super¬ 
fluous positive charge and is said to be ionized. Ionization is 
promoted by a decrease in the pressure of the gas. The 
spectrum of an ionized atom is entirely different from that of 
a noh-ionized atom, and so, as a mass of gas is sub jected to higher 
and higher temperatures and more and more atoms become 
ionized, the spectrum is modified by the emergence or strength¬ 
ening of certain lines which arc referred to as enhanced lines. 
The temperatures and pressures at which different elements 
become ionized are very different, and the relative intensity of 
the enhanced and ordinary lines of the various elements in the 
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spectra of the stars gives a key to their temperatures, a fact 
first pointed out by Saha of Calcutta in 1921. 

The ionized helium atom, like the hydrogen atom, has but 
one revolving electron, but its nucleus, as we have seen, is 
very different from the hydrogen nucleus. It might be expected 
that the spectrum of ionized helium would be similar to, but 
not identical with, that of hydrogen. It does, in fact, contain a 
series of lines very similar to the Balmer hydrogen series, which 
was first observed by E. C. Pickering of Harvard in i8g6 in 
the spectrum of the star f Puppis and was long attributed to 
hydrogen and known as the Pickering series. 

Wien’s Law. — The intensity of the radiation emitted by a 
hot body is not the same at all wave-lengths, but is a maximum 
at a certain point of the spectrum, the position of which depends 
upon the temperature of the body. For temperatures below 
3,000° C. this point of maximum intensity lies in the infra-red, 
but as the temperature rises above this value it shifts over into 
the visible spectrum. It may therefore be inferred that a blue- 
white star like Rigel is hotter than a red star like An tares. It 
was shown by Wien that, if the body be “black” '—that is, 
capable of absorbing all wave-lengths completely — the wave¬ 
length of the point of maximum intensity of its spectrum is 
inversely proportional to its absolute temperature (tempera¬ 
ture counted from the “absolute zero," which represents com¬ 
plete absence of heat). Although the stars probably do not 
radiate exactly like “black” bodies, this relation affords a 
second valuable means of estimating their temperatures. 

The Doppler-Fizeau Principle. — An observer who stands near 
a railroad track while a locomotive with a sounding bell passes 
may notice that the pitch of the sound drops suddenly at the 
moment when the engine is nearest. The reason of this may 
be seen from Fig. 103. Let the engine move along the straight 
line from right to left, and let the positions of the bell at the 
moments of emitting successive wavecrests be A, B, ... F. 
The wave emitted at A spreads in the air in all directions with 

1 This technical use of the word black docs not agree with the ordinary use 
unless the body is so cool as not to emit visible light. If heated to incandescence, 
the technically “black" body would appear white-hot. 
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the velocity of 1,090 feet a second, and when the engine has 
arrived at F this wave is represented by the largest circle, 
which is centered at A. The crest emitted at B spreads in the 
next circle, which is centered at B, and so 011. Hence, 
when the beli has arrived at F, the successive waves have the 
positions shown by the five circles in the figure, and are crowded 
together in front of the bell and drawn apart behind it. That 
is, the sound received by an observer in front of the locomotive 
must be of shorter wave-length, and hence of higher frequency 
and pitch than the sound received in the rear. A similar effect 
may be noticed by passengers on a rapidly moving train in the 
pitch of the sound of warning bells at grade crossings. Here the 
bell is stationary and the observer moves. The wave-length is 
not modified, but the frequency 
with which the waves are re¬ 
ceived by the observer is greater 
as he approaches the bell than 
as he recedes, and the effect on 
the pitch is the same as if the 
wave-length were changed. 

The effect of motion on the 
pitch of sound was first ex¬ 
plained in 1842 by Doppler of ">3. LER - pI2EAU 

Prague, who realized that a 

similar effect would take place in waves of light, and inferred 
that a rapidly approaching star would be blue and a receding 
one red. This inference, however, is incorrect, for the star 
differs from the bell in emitting waves having a great range in 
length and the effect of recession is to lengthen all the waves, 
so that the whole spectrum is shifted, a little of the visible 
portion being lost in the infra-red and a little of the ultra-violet 
being shifted over into the visible. Moreover, the change of 
wave-length due to any velocity as yet detected in the stars 
would not be sufficient to make a change in color that could be 
noticed by the eye. 

The correct astronomic application of Doppler’s principle 
was given by Fizeau in a paper read before a learned society 
in Paris in 1848 but not published until' 1870. Although all 
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wave-lengths are represented in the spectrum of a star, each 
line of the spectrum represents but a single wave-length, and 
so the effect of motion along the line of sight is to modify the 
wave-length of each line, and so to displace the line in the 
spectrum. The Doppler-Fizcau principle, which is one of incal¬ 
culable importance in Astronomy, may be stated as follows: 
When the distance between an observer and a source oj light is 
increasing, the lines of the spectrum lie farther to the red than 
their normal positions, and when the distance is diminishing they 
He farther to the violet, the displacement being proportional to the 
relative velocity of recession or approach. The formula for the 
change of wave-length of a spectral line is 


where v is the relative velocity of the source and the observer 
along the line of sight (called the radial velocity; page 87), V 
is the velocity of light, and X is the wave-length of the line. 
The highest velocity of any celestial object so far measured is 
less than 2,000 kilometers a second, or 1/150 of the velocity of 
light; and so the observed change of wave-length is always 
small. The Dopplcr-Fizeau effect in the spectra of different 
parts of the Sun is illustrated in Plate 7.3. The Sun’s rotation 
causes its west limb to move away from us and its cast limb 
toward us, the relative velocity being about four kilometers per 
second. The lines of the spectrum of a point near the west 
limb are accordingly shifted to the red and those of a point 
near the east limb toward the violet, while the spectra of 
points near the north and south poles of the Sun are unmod¬ 
ified by its motion. 











































Plate 7.3 



Spectra of North, South, East, a no West Points or- the Sun’s Limb 
Lower pair shows displacement due 10 the Doppler-Fizeau effect. Photographed by Adams, Mt. Wilson Observatory 


CHAPTER VIII 


THE SUN 

Importance of the Sun.—From three main points of view the 
Sun is, to us inhabitants of the Earth, the most important of 
astronomic bodies. First, it is the ruler of the Solar System, 
controlling the motions of the Earth and all the other planets, 
the comets, and the streams of meteoric bodies, and influencing 
the motions of the satellites. This aspect of the Sun will appear 
in succeeding chapters. 

Second, the Sun is a star; not by any means the largest or 
brightest or hottest star, but important to us because it is by far 
the nearest, our next stellar neighbor being some 275,000 times 
as far away and the great majority of visible stars many times 
farther still. The Sun is the only star whose features we can 
study in detail. 

Third, the radiation of the Sun is almost the sole source of 
power, warmth, activity, and life upon the surface of the Earth, 
the only exceptions worth mentioning being the tides and the 
activity of volcanoes and geysers which orginates in the internal 
heat of the Earth. 

Consider, for example, the manifestations of life on a city street, at night 
when it might seem that the Sun had no influence. The street is lighted 
and cars are being propelled upon it by the energy of electric current which 
vs generated, perhaps, at a distant waterfall. The generators are run by 
turbines which are driven by the weight of falling water; but in order 10 
fall, the water must have been raised to a higher level than that of the sea, 
and this was done by the radiation of the Sun which warmed the water of 
the ocean, causing it to evaporate and rise to form clouds, which were wafted 
over the land by Sun-generated winds to fall as rain. If the Sun’s radiation 
were cut off, the cataract would cease even before the existing supply of 
water was exhausted, for the temperature would speedily fall so low that 
the water would all be converted to immobile ice. Or perhaps the current 
is generated by the burning of coal. The energy then comes from the com¬ 
bination with the oxygen of the air of carbon which was stored in plants 
ages ago under the mysterious action of the Sun's rays known as photosyn- 
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thesis, and we are thus making use of “canned sunlight.” The energy which 
drives the gasoline engines of automobiles may be traced to a similar ancient 
source, while that of our own bodies is solar energy, stored not so long ago 
by photosynthesis in the plants that form our food or the food of animals 
of whose flesh we have eaten. 

General Description of the Sun.—The distance and diameter 
of the Sun have already been given (page 95), It is impressive 
to compare the Sun's diameter with that of the Moon's orbit 
for, if the Earth were placed at the Sun’s center, the Moon's 
orbit would lie only a little more than halfway out toward the 
surface. The distance is so great that, to subtend an angle 0/ 
i n — which is pretty small to observe with an ordinary telescope 
in the poor seeing that usually prevails in the daytime- a 
marking on the Sun must be 450 miles in diameter. 

The mass of the Sun (page 221) is about 333,000 times that 
of the Earth, and its surface gravity about 27.6 times the 
Earth's (a person who weighs one hundred pounds here would 
weigh nearly a ton and a half if transported to the Sun). Its 
form is that of a sphere. Its average density is about 1.4 
times that of water. The temperature of its visible surface is 
about 6,000° C., while that of the interior is certainly much 
higher, and is estimated at 40,000,000° C. 

The Sun rotates in the same direction as the Earth upon an 
axis which is inclined 83° to the plane of the ecliptic and is 
directed to a point about halfway between Polaris and Vega, 
in a = i8 h 44 R \$=+64°. The rotation is not uniform all over 
the Sun, for a point at the equator turns faster than points in 
higher latitudes, the sidereal rotation period being 25 days at 
the equator, 27.5 days at latitude ±45°, and about 33 days at 
latitude ±80°. This shows, of course, that the surface of the 
Sun cannot be solid, for its parts move past one another; and 
its high temperature and other facts prove it to be gaseous 
throughout in spite of its high average density. 

Upon the intensely brilliant visible surface of the Sun, which 
is called the photosphere, are often seen relatively dark spots 
called sun spots, some of which are many times larger than the 
Earth. Above the photosphere is the red chromosphere from 
which rise the vast flame-like prominences (page 141); while 
beyond all extends the tenuous corona which can be seen only 
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at the time of a total solar eclipse. The abundance and size 
of the spots and prominences, the form of the corona, and the 
magnetism of the Earth (which is thus shown to be connected 
with the Sun) all vary, for some unknown reason, in an irregular 
period which averages 11.1 years. 

As shown by the spectrum, the layer of the Sun which produces 
the Fraunhofer lines contains, in a state of vapor, some sixty 
of the chemical elements which are known upon the Earth; 
and there is reason to believe that, except for the effects of 
high temperature, the chemical constitution of the Sun is not 
essentially different from that of the Earth. 

Methods of Observing the Features of the Sun.—To look 
directly at the Sun through a telescope would be disastrous, for 
a piece of paper or other inflammable object placed in the usual 
position of the eye at a telescope directed to the Sun is quickly 
set on fire. For visual observations, one may make use of 
various devices known as helioscopes, which reflect away the 
greater part of the light after it has entered the telescope. (To 
reduce the aperture of the objective by a perforated cap would 
decrease the light but would also diminish the resolving power.) 
Another method is to project upon a white cardboard screen an 
enlarged image of the Sun formed by racking the eyepiece out¬ 
ward until the screen and the focal plane of the objective are 
at the conjugate foci (page 33) of the ocular. The image may 
then be seen by a number of observers simultaneously. 

For photographic observation, which for serious work has 
now almost entirely superseded the visual, the intensity of the 
fight is an advantage rather than a drawback, for it makes pos¬ 
sible the use of slow plates, which are of finer grain than fast 
plates, and of very short exposures—one one-thousandth of a 
second or less. The photograph is usually made in the focal 
plane of a long-focus objective, the telescope often being 
mounted permanently in a horizontal or a vertical position 
and “fed” by a coelostat, a clock-driven arrangement of 
mirrors which reflects the light in a constant direction. 

It was discovered in 1868 by Lockyer in England and 
Janssen in France that the solar prominences, which up until 
then had been seen only during eclipses, could be observed in full 
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sunlight by the aid of the spectroscope. Prominences cannot be 
seen directly without an eclipse for the same reason that stars 
cannot be seen in daylight—the background of sky is too bright. 
The effect of the spectroscope is to spread the light of the sky 
(which is reflected sunlight) into a long spectrum and so to reduce 
its intensity; but the spectrum of the prominences is a bright-line 
one, and the spectroscope separates the bright lines without 
widening them and hence without weakening them, so that they 
may be seen against the weakened background of the sky. To 
observe the prominences, therefore, a spectroscope of high 
dispersion—having a fine grating or a train of prisms—is 
attached to the tube of a telescope with its slit in the focal 
plane of the objective. The telescope is so directed that the 
slit is at one point nearly tangent to the image of the Sun, but 
does not quite touch it; if a prominence is situated at the cor¬ 
responding point of the Sun's limb, the bright lines of its spec¬ 
trum may be seen against the continuous sky-spectrum. Since 
an image of the prominence is formed on the slit-plate by 
the objective, the prominence-light entering the spectroscope 
comes from a narrow strip only of the prominence, and the 
bright lines of the spectrum are themselves images of the tele¬ 
scopic image of this strip, showing interruptions, for example, 
corresponding to any rifts that exist in that strip of the promi¬ 
nence. By widening the slit, a wider strip may be seen, and it is 
often possible thus to view the whole prominence if the sky be 
very clear. Widening the slit, however, admits more sky light 
without brightening the image of the prominence, and a slight 
haze, which has the effect of both dimming the prominence 
and brightening the sky, will make the observation of a whole 
prominence of any size impossible. The spectral line most 
frequently used for this kind of observation is the red 
(C or Ha) line of hydrogen, because it is the brightest in 
the prominence spectrum. 

About iSgo, Hale in America and Deslandres in France inven¬ 
ted the spectroheliograph, by means of which the entire Sun 
is photographed in the light of a single spectral line. This 
instrument consists of a spectrograph of high dispersion which, 
in addition to the slit through which the light enters (and which 



Plate 8.i* Direct Photographs or the Sum (left) and Spectroheliocrams 
(right) made at Mount Wilson Observatory 
Above —1906 July 30; the Spectroheliogram was made in the light of the II line 
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Belcav 1917 August 12; Speetrahdiogram made in the light of tile a line of 
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Spectra phologray>hcd with an Objective Prism by Anderson at Middletown, 
Connecticut, at the Total Solar Eclipse of 1925 January 24. (a) beginning of 
totality, (bj middle of totality, (e) end of totality. 



<+ Plash Spectrum M photographed without an eclipse with the 75-foot Spectro¬ 
graph and great tower telescope at Mount Wilson. Region of Fraunhofer's b 
group. 



Spectrum of the Eclipsed Sun, photographed hv V. M. Slipher with slit spec¬ 
trograph at Syracuse, Kansas, 1918 June 8. The light of the corona and chro¬ 
mosphere was diffused by a ha&y sky so that the bright lines cross the image 
of the Moon. 
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we shall here call the first slit) is provided with a second slit 
placed in the focal plane of the camera objective and adjusted 
to the width of a line of the spectrum. The spcctroheliograph is 
attached to a large telescope, the objective of which we shall 
call the main objective. The first slit is placed in the focal 
plane of the main objective, which is directed to the Sun. A 
narrow strip of the Sun’s image is thus admitted by the first slit 
and a spectrum formed, each line of which is an image of that 
narrow strip. The second slit is so placed that the light 1 of a 
single line passes through it, and behind the second slit is placed 
the photographic plate. Upon the plate there is thus formed 
a monochromatic image of the strip of the Sun’s surface showing 
the distribution of the particular element, say hydrogen, which 
is responsible for the spectral line. A complete picture of the 
Sun, or rather of that portion of a certain layer which is com¬ 
posed of a single element, is then built up on the plate in one of 
two ways: either the main telescope is moved slowly so that 
the Sun’s image travels at right angles to the first slit while at 
the same time the photographic plate is moved across the 
second slit, causing successive strips of the Sun to fall upon 
successive strips of the plate; or the plate and the main tele¬ 
scope are both kept stationary while the spectroheliograph 
with its two slits is moved slowly between them. 

In 1925 Hale perfected the spectrohelioscope, which makes perceptible 
to the eye the solar features which lx:fore had l>een detected only by 
the spcctroheliograph. It is arranged precisely like the spectroheliograph 
except that the photographic plate is replaced by an eyepiece and the two 
slits are given a vibratory motion so rapid that the eye receives the im¬ 
pression of a persistent image. The range of the vibration is sufficient to 
admit a field of view covering a considerable portion of the Sun’s surface. 

The Sun's Appearance. — As observed visually or on direct 
photographs, the Sun presents a clear-cut, circular disk which 
is brighter at the center than at the limb, and which has a 
granular surface, the “granules” being some hundreds of miles 
in diameter. Photographs made in rapid succession have 
shown that the granules are short-lived, the majority lasting 

* It should be recalled that the Fraunhofer lines arc dark only by contrast 
with the continuous spectrum which lies between them, and are not really with¬ 
out light. 
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but about half a minute. They perhaps represent something 
similar to the crests of waves on a storm-tossed sea. The dark¬ 
ening at the limb, which is due to general absorption of light 
by the overlying layers of gas, is more pronounced on photo¬ 
graphs than in visual observation, the blue and violet light 
being absorbed more strongly than the light to which the eye is 
sensitive. Large, irregular bright areas called faculae may 
usually be seen in various positions, but especially near the 
limb, where they appear the more plainly against the less 
brilliant background. Their spectra show enhanced lines, 
indicating higher temperature or lower pressure, or both, than 
in the surrounding photosphere, and it is probable that the 
facuke are somewhat elevated above their surroundings. The 
sun spots, which, when present, are the most prominent 
feature of all, will be discussed in later sections. 

On spectroheliograms, the granules do not appear and the 
faculae can seldom be identified, but the whole surface of the 
Sun appears covered with a multitude of light and dark mark¬ 
ings to which Hale has given the name of flocculi. Spectro¬ 
heliograms are made usually in one of the strong lines (H or K) 
of ionized calcium or in the Hy or He* line of hydrogen (the Hoe 
line, being in the red, requires the use of specially sensitized 
plates). The calcium flocculi are bright over extensive areas, 
especially in the neighborhood of sun spots. The hydrogen 
flocculi, especially those which appear on Hot spectroheliograms, 
are usually more clearly defined than the calcium flocculi, and 
the largest ones are dark (Plate S,x). 

Although the flocculi have somewhat the appearance of 
clouds, they are not at all like the clouds in the Earth's atmos¬ 
phere, but are composed of highly heated gases which absorb 
light of certain wave-lengths only, and are transparent to much 
the greater part of the Sun's light, so that they are invisible 
when the Sun is observed directly. The great dark hydrogen 
flocculi are in many cases prominences projected upon the 
photosphere, and may be seen as prominences when they have 
been carried by the Sun's rotation to the limb. 

The Flash Spectrum; Layers of Different Height—Since, 
according to the third principle of spectral analysis, the Fraun¬ 
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hofer lines are due to the absorption of certain wave-lengths from 
the light of the photosphere, it is possible, during a few seconds 
at the beginning or end of a total solar eclipse, to observe these 
lines as bright or emission lines; for at that time the bright 
photosphere is hidden by the Moon while the chromosphere, 
which produces the lines, is still exposed. This phenomenon 
was looked for and discovered at the eclipse of 1870 by Young 
of Dartmouth, who named it the flash spectrum. It is vividly 
described in the discoverer's own words 1 as follows: 

" At the moment when the advancing Moon has just covered the 
Sun’s disk, the solar atmosphere of course projects somewhat at the point 
where the last ray of sunlight has disappeared. If the spectroscope be then 
adjusted with its slit tangent to the Sun’s image at the point of contact, a 
most beautiful phenomenon is seen. As the Moon advances, making nar¬ 
rower and narrower the remaining sickle of the solar disk, the dark lines of 
the spectrum remain for the most part sensibly unchanged, though becom¬ 
ing somewhat more intense, A few, however, begin to fade out, and some 
even turn palely bright a minute or two before the totality begins. But 
the moment the Sun is hidden, through the whole length of the spectrum, 
in the red, the green, the violet, the bright lines flash out by hundreds and 
thousands, almost startlingly, as suddenly as stars from a bursting rocket- 
head.” 

A slender source of light, such as the crescent-shaped layer 
of gas here studied, may itself serve as a slit, and the slit and 
collimator of the spectroscope may be dispensed with. The 
flash spectrum may be thus seen or photographed by simply 
using a prism placed over the objective of a telescope. Such 
a combination is called an objective prism or sometimes, if 
used photographically, a prismatic camera. The lines of a 
spectrum thus produced are of course curved like their sickle¬ 
shaped source. The bright lines of the chromospheric spectrum 
have been photographed by Adams at Mount Wilson without 
an eclipse by means of the 150-fopt tower telescope (page 151), 
the scale of the image of the Sun being so great as to permit the 
slit of the great spectrograph to be placed within a very short 
angular distance of the limb (Plate 8.2). 

The bright lines of the flash spectrum have their sources at 
different levels of the chromosphere, and so do not all flash out 
simultaneously; and by a study of their duration or of the 

1 Young, The Sun , p. 82. 
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length of their arcs on an objective-prism spectrogram, it is 
possible to acquire information concerning the heights at which 
they are formed, Mitchell of Virginia finds in this way that 
ionized calcium (producing H and K) extends 14,000 kilometers 
above the Sun’s limb; hydrogen produces Ha at to, 000 km, 
and the other Balmer lines at about 8,000 km ; helium (which 
was so named because it was discovered in the chromosphere 
long before it was known to exist on the Earth) at about 7,500 
km.; non-ionized calcium (spectral line at 4227 Angstroms) at 
5,000 km,; and other elements, chiefly metallic, at lower levels. 
The region below 600 km, p in which the majority of Fraunhofer 
lines have their origin, is often referred to as the reversing layer, 
but there is no definite limit between it and the chromosphere 
above it. 

Double Reversal,—Young found in 1SS0 that in the spectrum of the chro¬ 
mosphere observed without an eclipse certain lines, notably those of hydro¬ 
gen, helium, calcium (H and K), sodium and magnesium, occasionally 
showed an appearance which he called double reversal. The broad dark 
line of the solar spectrum has superposed upon it a bright line, and this, 
in turn, a fine dark line through its center; the three parts probably repre¬ 
senting successive levels of vapor. At the base of prominences and over 
bright fiocculi, the H and K lines of calcium and the more prominent lines 
of hydrogen are always thus doubly reversed. Hale has denoted by sub¬ 
scripts the successive parts of the doubly reversed line; thus, K : is the broad, 
dark K line of the Fraunhofer spectrum; K3 is the double bright part in 
its center; and ICj is the fine dark line separating the components of K 2 . 
Ki is due to the absorption of the Sun's white light by the dense calcium 
lying at the lowest levels, K* to incandescent calcium above this, and K 3 
to cooler, rarer calcium vapor at still higher levels. It is K* which is most 
frequently used for photographing the bright calcium fiocculi with the spec 
trohdiograph. With the use of spectrographs of higher dispersion, double 
reversal appears in many other of the Fraunhofer lines. By placing the 
second slit of the spectroheliograph in different portions of the line, photo¬ 
graphs are made which show the distribution of fiocculi at different levels 
(see Plate 8.3.) 

Pressures in the Solar Envelopes.—Recent investigations by St, John and 
by Russell, into which we cannot enter here, lead to the conclusion that the 
pressure of the gases of the chromosphere, down to about 200 kilometers 
above the photosphere, is very low, about one ten-millionth that of the 
Earth’s atmosphere at sea level; and that in the reversing layer the pressure 
rises rapidly and may be as great as one one-hundredth of an “atmosphere 7 ' 
(terrestrial) at the photosphere, at which pressure and at the temperatures 
there prevailing the gases become sufficiently opaque to give the observed 
appearance of the Sun's sharply defined limb. The production of a con- 
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tinuous spectrum at this pressure is explained by the presence of a high 
proportion of free electrons. 

The principal forces which act upon a particle of gas at the surface of 
the Sun are (r) gravity, nearly twenty-eight times as great as on the Earth, 
acting toward the Sun's center, (2) gaseous expansion, the result of collisions 
among the molecules, and (3} the pressure of the Sun's radiation (page 154b 
which acts principally outward. It is believed that the chromosphere is 
held up against the action of gravity almost entirely by radiation pressure, 
the gaseous pressure in that region being very low. 

Son Spots.—While there is a great variety in the size and 
shape of sun spots, the well-developed spot is roughly circular 
in outline and consists of two parts, an inner, darker part called 
the umbra and an outer, less dark border called the penumbra. 
In contrast to the photosphere, the umbra seems perfectly 
black, but in reality it gives at least ten per cent as much light 
per unit area as does the photosphere. The penumbra consists of 
filaments which converge toward the center of the umbra. The 
umbra is sometimes as much as 50,000 miles, and the penumbra 
as much as 200,000 miles, in diameter. Large spots are often 
seen with no other optical aid than a dark glass, or with the 
unaided eye when the Sun shines through mists near the 
horizon, and the Chinese have records of sun spots seen centuries 
before Galileo applied the telescope to the sky in 1610, Sun 
spots develop rapidly from small points, persist a few weeks or 
months, and disappear by breaking up into a number of 
smaller spots or by contracting in size. (Plate 8.4,) 

The spectrum of a sun spot differs from that of the photo¬ 
sphere in the presence of bands due to chemical compounds, 
notably titanium oxide, which can exist only at lower tempera¬ 
tures than the 6,ooo° C of the photosphere, and also in the 
relative strengthening of the furnace-lines (lines which are 
more prominent in the spectrum of the electric furnace than in 
that of the hotter are or spark); from which it is evident that 
the spots are cooler than their surroundings. 

Evershcd, in India, by measuring the Doppler-Fizeau displacement (page 
160) of lines in the spectra of spots near the limb, showed that the mean 
descent gases near the photosphere were flowing outward from the umbra, 
and that the gases of the chromosphere, at higher levels, were flowing inward; 
a result which was abundantly confirmed by St. John at Mount Wilson, 

Sun spots are found in definite zones upon the Sun, chiefly 
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between latitudes ro° and 30° on either side of the equator, 
though occasionally near the equator itself and in latitudes up 
to 45 0 ; but never near the poles. 

Prominences.—Solar prominences are vast eruptions which 
rise from the chromosphere to heights sometimes as great as 
500,000 miles—greater than the radius of the Sun. They have 
been divided into two classes: quiescent prominences, which 
appear like great clouds floating in the solar atmosphere and 
remain unchanged for days at a time; and eruptive promi¬ 
nences, which appear more like flames and move with velocities 
as great as 200 miles a second so that their form may change 
completely in a few minutes (Plate 8.5). The spectra of quies¬ 
cent prominences consist of the bright lines of hydrogen, 
helium, and ionized calcium; those of eruptive prominences 
sometimes contain the enhanced lines of metals as well. Prom¬ 
inences of both types are most numerous in the spot zones, but 
are also seen outside these zones and sometimes even at the 
poles. Eruptive prominences are often found over active sun 
spots. When situated over the disk of the Sun instead of at 
the limb, prominences are often photographed as Ha flocculi. 

Vortical Motion in the Gases Surrounding Sun Spots.— 
Visual observations have sometimes shown a vortical or 
cyclonic motion in the neighborhood of sun spots, and after 
his invention of the spectroheliograph Hale hoped to find 
similar currents in the flocculi. The calcium flocculi gave no 
indications of such currents, but the hydrogen flocculi, photo¬ 
graphed in the light of IIj 3 , H7, and Hfi, showed in many cases 
a structure consisting of curving lines like those formed by 
iron filings in the vicinity of a magnet. In 1908, photographic 
plates which were sensitive to red light became available, and 
upon applying these (at Mount Wilson) to the photography of 
the Sun in the light of Ha, Hale found that the vortical structure 
of the Iia flocculi was very marked. By comparing successive 
photographs of a series, rapid motion along the curved lines 
could in some cases be detected; for example, on a series of 
plates extending from May 29 to June 4, 1908, a dark hydrogen 
flocculus, many thousands of miles long, was seen to be sucked 
into a neighboring spot (Plate 8.6). Just before its disappear¬ 
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ance in the spot its velocity exceeded 100 kilometers a second. 
Deslandres, at Meudon, by applying a very narrow second slit 
to the exact center (K a ) of the calcium line, has since shown 
a structure in the calcium flocculi similar to that of Ha flocculi. 
and so it appears that the observed vortices exist at high levels, 
thousands of miles above the spots. In general, the direction 
of whirl is opposite for two vortices situated in the northern 
and southern hemispheres of the Sun. 

These phenomena led Hale to the conclusion “that a sun 
spot is a solar storm, resembling a terrestrial tornado, in which 
the hot vapors, whirling at high velocity, are cooled by expan¬ 
sion, thus accounting for the observed changes of the spectrum 
lines and the presence of chemical compounds.” 1 

Magnetic Properties of Sun Spots.—Immediately after the 
discovery- of solar vortices, Hale found that a sun spot has the 
properties of a bar magnet, as if a magnetized steel bar were 
thrust radially into the Sun through the center of the spot. 

The reasoning by which lie was led to this discovery and the method of 
making it are of great interest to one acquainted with the principles of 
Physics. In 1876 Rowland had found that an electrically charged disk, 
when rapidly rotated, produced a magnetic Geld, showing that, as Maxwell 
had previously predicted, a moving electric charge was equivalent in its 
magnetic effects to a current flowing along a wire. For some years previous 
to Hale's discovery it had been known that hot carbon and hot metals 
emit negatively charged particles (electrons). It occurred to Hale that 
there might be a preponderance of positive or negative charges in the gases 
forming a solar vortex, and that, if so, the rapid whirling of these gases 
would produce magnetic effects similar to those of a current in a colossal 
helix, making the vortex into a gigantic electromagnet. 

In 1S96 Zeeman, in Holland, had found that when a flame or other source 
of light is placed in a magnetic field, the lines of its spectrum are each doubled, 
trebled, or even further multiplied, and that, when the source is viewed 
from a direction at right angles to the lines of magnetic force, the light is 
plane-polarized while if viewed along the lines of force—through a hole 
l>ored in the pole-piece of the magnet—the light is circularly polarized, the 
polarization conforming to a simple theory which was given a little later by 
Lorcntz. As early as 1892, Young had noticed that certain lines were doubled 
in the spectra of sun spots, and Hale suspected that this doubling was a 
Zeeman effect due to the magnetic field of the vortex. Using the tower 
telescope and spectrograph in connection with the appropriate Nicol prisms 
and Fresnel rhombs for studying polarized light, he found that, when the 
sun spot was near the center of the disk so that the light reaching the spec- 

1 Hale, Ten Years' Work of a Mountain Observatory, p. 27. 
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trograph emerged radially from the Sun, the components of the double lines 
were circularly polarized, while plane polarization appeared when the spot 
was near the limb, the light then emerging nearly at right angles to the lines 
of magnetic force, 

A large proportion of the sun spots which have been recorded, 
from the time of Galileo to the present, are arranged in pairs, 
or in streams which are nearly parallel to the solar equator. 
Observations made at Mount Wilson of the Zeeman effect in 
several thousand spot-groups have shown that in the majority of 
cases the two spots of a pair, or the clusters at opposite ends 
of a stream, are of opposite magnetic polarity. Many spots 
■which occur singly are preceded or followed in the solar rotation 
by groups of facuke or flocculi, in which magnetic effects con¬ 
forming to this rule have been detected; to these regions Hale 
has given the name of “invisible spots.” The arrangement of 
polarities is opposite in the northern and southern solar hemi¬ 
spheres; that is, when the preceding spot of a pair lying north 
of the Sun’s equator exhibits “south polarity” — i. e., like the 
south-seeking pole of a magnetic needle on the Earth—the 
preceding spot of a southern pair shows “north polarity,” and 
vice versa. 

The Eleven-year Cycle.—In 1843 Schwabe, a German ama¬ 
teur astronomer, showed from a record of observations of sun 
spots which he had kept during the preceding twenty-seven years 
that the spottedness of the Sun was variable in a period which 
he placed at ten years. A most laborious search by Wolf of 
Zurich through all available records made since Galileo’s 
discovery of the spots in 1610 confirmed Schwabe’s discovery, 
and systematic observations made since at Greenwich and 
elsewhere have placed the fact of the periodicity beyond all 
doubt. At a time of minimum spottedness the face of the Sun 
may be wholly unspotted for months at a time, while at 
maximum it is almost never without spots. The interval 
between times of minimum spottedness averages 11.2 years 
instead of 10, but the "regularity is very irregular," the 
actual observed interval having had a range of at least four 
years. The time of descent from maximum to minimum is 
longer than that of the rise from mimimum to maximum, the 


Plate 8.3. Spectrum ki. iogram» Taken at Different Levels 



Left, Calcium H line, Yerkes Observatory, 1919 August 22 
Right t Hydrogen « line* Mount Wilson Observatory, 1916 May 29* Highest 
levels are at the top of tile page 


















Plate 84. Direct Photographs of Sun Spots made at Mount Wilson 

Observatory 

Upper, Great Spot Group of 1917 August 8; Lower f 24-hour development 
of Sun Spot of 1917 August 18-19* Hound black dots 
show comparative size of Earth, 
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former averaging 6,5 years and the latter 4.6* In this important 
respect the sun-spot curve resembles the light-curves of vari¬ 
able stars of the Cepheid and long-period types {Chapter XVI)* 



Fig, 104, The Number, Latitude, and Polarity of Sun Spots 
(Nicholson) 

The upper curves give the number of spot groups observed yearly* The lower 
curves show that the sun-spots of a new cycle appear in high latitudes during 
the time of minimum solar activity with opposite magnetic polarities in the 
northern and southern hemispheres* As the cycle progresses, the mean latitude 
of the spots in each hemisphere decreases continuously while the distribution of 
magnetic polarities remains unchanged* In the high-latitude spots of the next 
cycle, which begin to develop more than a year before the last low-latitude spots 
of the preceding cycle have ceased to appear, the polarities are reversed* The 
letters N and o printed on the curve indicate the polarity of the preceding 
(western) spots of each group* 

It has already been remarked (page 169) that the spots are 
confined to certain zones. A peculiar relation between their 
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latitude and the time of their occurrence was brought out by 
Carrington and Spoerer about the middle of the nineteenth 
century and has become as clearly established as the perio¬ 
dicity. The spots belonging to a new eleven-year cycle appear 
at the outer limits of the spot-zones, and as the cycle progresses 
they are found farther and farther toward the solar equator. 
At spot maximum they are seen mostly about latitude ±14°, 
while at minimum a few spots of the expiring cycle are seen near 
the equator and at the same time a few of the beginning cycle 
appear at high latitudes. It has been found at Mount Wilson 
that the magnetic polarities of bi-polar spot-groups are reversed 
at the end of a cycle, and thus the whole interval required for 
the changes in the spots, including magnetic properties, appears 
to be 22.2 years instead of 11,1. These relations are illustrated 
in Fig. 104. 

In addition to the number, latitude, and magnetic properties 
of sun spots, several other phenomena, both solar and terres¬ 
trial, are certainly known to fluctuate in the eleven-year period. 
These are the numbers of faculac and of prominences; the form 
of the solar corona; the intensity of the Sun's radiation as 
measured by the solar “constant" (page 179); the number and 
brilliance of polar aurorae observed on the Earth; the range of 
variation of the Earth's magnetism; and the frequency of 
magnetic storms. No satisfactory explanation of the eleven- 
year period or of the interdependence of these solar and 
terrestrial phenomena has yet been found. 

The polar aurora* often referred to in our hemisphere as the Northern 
Lights, is one of the most mysteriously beautiful of terrestrial phenomena. 
As seen in North America and Europe, its most common form is that of 
an arch of soft light which appears above the northern horizon, usually 
early in the night, and from which extend needle-like streamers toward the 
zenith (Plate 8.7}, These streamers are not for a moment still, but pul¬ 
sate and quiver, at the same time varying in brightness. Sometimes the 
aurora assumes the appearance of beautifully folded curtains which wave as 
if in a gentle wind. On rare occasions, the auroral light fills the entire visible 
sky, in which case the streamers usually converge toward the magnetic zenith 
(not the true zenith), where they curve spirally to form an auroral corona, 
which may persist for hours while the streamers continue their mystic pul¬ 
sations. The color of the light is usually apple-green, but rose, lavender, 
and violet tints are not uncommon. The spectrum (Plate 8.7) consists of 
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bright lines, the brightest of which, in the green (wave-length 5577 Ang¬ 
stroms) can usually be detected on a clear night whether an aurora is visible 
or not. Several of the bright lines belong to the spectrum of nitrogen, and 
the green line has recently been produced at the University of Toronto from 
a mixture of oxygen with helium and also with neon. 

Aurora? are most frequently seen at the time of sun-spot maximum, and 
the most brilliant aurora? appear on occasions when the largest spots are 
turned toward the Earth. It is probable that the aurora is due to the im¬ 
pact of streams of electrons arriving from the Sun and impinging upon the 
upper regions of the air, having been directed in the last few hundred miles 
of their journey by the magnetic field of the Earth. 

It is well known that the needle of the magnetic compass does not, in 
general, point due north; in the eastern part of the United States, for ex¬ 
ample, it points several degrees west of north, while in the western part it 
points east of north. Moreover, its direction continually changes through a 
range of a few minutes of arc, the most conspicuous change ixiing a diurnal 
oscillation. Soon after the discovery of the periodicity of sun spots, it was 
found that a similar—in fact, almost identical—periodicity existed in the 
range of the compass variation and also in the strength of the Earth’s mag¬ 
netic field. 

A magnetic storm is a sudden violent disturbance of the Earth’s mag¬ 
netism, in which the compass needle oscillates, sometimes through an arc 
of several degrees within an hour or two, and in which the fluctuations in 
the strength of the Earth’s field are so great as to induce currents which 
interfere seriously with the operation of telegraph lines. Magnetic storms 
are most frequent at the time of spot maximum, and usually coincide in 
time with the presence of very large spots near the center of the visible 
disk of the Sun. 

The Rotation of the Sun,—Immediately after the telescopic 
discovery of the sun spots by Galileo in 1610, it was noticed 
that they moved across the disk of the Sun, and they were 
thought by some to be planets seen in transit (the idea of spots 
on a celestial body being obnoxious); but Galileo refuted this 
opinion by pointing out that they remained behind the Sun 
the same length of time as in front of it, and were, therefore* 
on the solar surface. Galileo's German contemporary, Chris¬ 
topher Scheiner, made a fair determination of the rotation 
period from a record of the position of sun spots obtained by 
projecting the Sun’s image on a screen; but the first accurate 
determinations were made by Carrington and by Spoerer about 
1850. The work of these observers not only gave an accurate 
description of the position of the Sun's axis, but brought out 
the remarkable fact that spots near the equator travel around 
the Sun in a shorter time than spots in higher latitudes. They 
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found that the Sun rotates in the same direction as the Earth 
about an axis whose north pole is in a = i8 h 44“, 6 = +64°, or 
midway between Polaris and Vega; that the plane of the solar 
equator is therefore inclined 7 0 to the plane of the ecliptic; that 
spots near the equator indicate on an average a sidereal rotation 
in about twenty-five days; and that 30 0 on either side of the 
equator the period is twenty-six and one-half days and at 45 0 
about twenty-seven and one-half. They found also that, in 
general, each individual spot had a motion of its own in both 
latitude and longitude, the periods mentioned above being 
averages only. 

The path of a sun spot across the disk appears slightly concave north¬ 
ward in summer and autumn, and convex northward in winter and spring. 
This is because of the inclination of the axis, the north pole leaning 7 0 toward 
the point occupied by the Earth on September 7. On June 3 and December 
5 the spot-paths are straight, for then the Earth is in the plane of the Sun’s 
equator. 

The synodic, or apparent rotation period of the Sun is a little longer than 
the sidereal, being twenty-seven and a quarter days for a spot at the equator. 
This is l^ecause the Earth advances, during a sidereal rotation of the Sun, 
nearly a twelfth of the way around its orbit, so that the spot must turn 
through more than 360° to come back to the same apparent position. The 
relation between the sidereal and synodic rotation periods is similar to that 
between the sidereal and synodic months (page ns). 

Since sun spots are found only in limited zones of the Sun’s 
surface, they cannot be used to study the rotation of all parts of 
the solar globe. Faculae offer no advantage over spots, for 
their distribution is about the same and they cannot be well 
observed except near the limb. There are, however, two other 
methods of approach to the problem: by the motions of the 
spectroheliographic flocculi, and by Doppler-Fizcau displace¬ 
ments of lines in the spectrum of the limb. The results obtained 
by Hale and Fox from calcium flocculi agree well with those 
given by spots; but those derived from hydrogen flocculi, while 
indicating about the same rate of rotation at the equator as 
that shown by spots, give no evidence of a retardation at 
higher latitudes. 

When high-dispersion spectra of the east and west limbs of 
the Sun arc confronted, a relative shift of the lines is immedi¬ 
ately evident, the lines belonging to the west limb being shifted 




Plate 8.5. The Great Solar Prominence of 1919 May 29 
Photographed by Edison Pettit at Yerkes Observatory 
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Plate 8*7 



The Aurora Borealis of 1878 March 1 1 from a pastel drawing by Trouvelot 



Spectrum of the Aurora of 1921 May 14, photographed by V. M. Slipher at 

Lowell Observatory 




























Plate 8,8. The Solar Corona 




1 . , 2 . 3 

J, Spot Maximum. Lick Expedition to Chile, 1893 
2. Intermediate type. Slocum, Middletown, Connecticut, 1925 
3- Spot Minimum. Barnard and Ritchey, North Carolina, 1900 
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toward the red (Plate 7.3). This displacement was first used 
for studying the solar rotation in 1893 by Duner in Sweden, 
who observed visually. More accurate observations have been 
made photographically by a number of observers. Probably 
the most exhaustive study is that of Adams at Mount Wilson, 
who finds an average period of 24.6 days at the equator, and 
33.3 days at latitude ±80°. Different spectral lines give dis¬ 
tinctly different velocities; the lines of lanthanum, titanium, 
and iron give smaller velocities than the calcium line at 4227, 
while Ha indicates a higher velocity. These differences are 
probably due to differences of level of the sources of light, the 
hydrogen that emits Ha being higher, and the metals lower, 
than the non-ionized calcium which emits 4227. 

The rate of rotation in different heliographic latitudes may be conveni¬ 
ently represented by a formula. Representing by £ the daily heliocentric 
angular motion and by <? the hcliographic latitude, the results of Carrington, 
as reduced by Faye, give 

t = 14^7 - 3? 10 sin 1 <p, 
while Adams’ results give 

£ = i4°0i — sin s ip. 

The effecL of the unequal 
rotation periods in different Fic '«> E ^ A 2"5^,* CCELERATIOK 
latitudes is illustrated in Fig. 

105, which is constructed according to the formula of Adams. 
Suppose a row of fifteen spots, one for every' tenth degree of 
latitude from — 70° to + 70°, arranged upon the same meridian 
of the Sun as in the left-hand drawing. After one rotation 
they will have arranged themselves as in the right-hand drawing. 

The Solar Corona. — The Sun’s corona is a pearly-white atmos¬ 
phere which extends at least 300,000 miles all around the Sun, 
and some of its streamers have been known to reach to a 
distance of 5,000,000 miles. Although its total light, as 
measured at the 1925 eclipse, is about half that of the full 
Moon, the light per unit area is so small that all attempts to 
observe the corona without an eclipse have so far failed. Its 
extreme tenuity is shown by the fact that the great comet of 
1882 passed directly through it without any perceptible change 
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in its speed, Arrhenius estimates its average density as the 
equivalent of one dust-particle to every fourteen cubic yards. 

The form of the corona varies with the progress of the eleven - 
year cycle (Plate 8,8), At spot minimum, fine rays arranged 
like the straws in a sheaf of wheat cluster about the Sun’s 
poles, while from the spot belts and equatorial regions extend 
broad streamers to enormous distances. At spot maximum, the 
distribution of the corona around the Sun is more uniform, few 
pronounced rays are seen, and no portion of the corona extends 
so far from the limb as at spot minimum. The inner part of the 
corona is much the' brightest, more than half the total light 
coming from the region within about 3/ of the limb of the Sun, 

The spectrum of the corona (Plate 8.2) consists of three 
superposed parts. First, there is a continuous spectrum, due 
possibly to the incandescence of fine solid or liquid particles. 
Second, the dark lines of the solar spectrum appear, but only 
faintly, as if partly obliterated by the continuous spectrum 
first mentioned. These are probably due to reflected sunlight 
for they arc more conspicuous in the light coming from points 
considerably distant from the Sun, where the light of incandes¬ 
cence would be feebler in proportion to reflected light. Third, 
there is a spectrum of bright lines, which must be due to lumi¬ 
nous gases within the corona. 

The brightest line in the visible part of the coronal spectrum 
was first seen^by Young in 1869. It is in the green, at wave- 
length S3°3 Angstroms, and does not belong to the spectrum 
of any known terrestrial substance; the substance which pro¬ 
duces it is accordingly called coronium. About thirty other 
non-terrestrial bright lines have been found in the visible and 
ultra-violet parts of the coronal spectrum, two of which, in the 
ultra-violet, have a greater intensity than that of the green line, 

J, W, Nicholson, in England, has found that the bright coronal lines form 
two series such that the cube roots of the wave-lengths in either scries form 
an arithmetic progression, while those of lines in one series bear a constant 
ratio to those of corresponding lines in the other. These scries are not similar 
to any spectral series so far produced in the laboratory. 

The Rate of the Sun’s Outpour of Energy. — The rate at 
which the Sun radiates energy into space is indicated by the 
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quantity known as the solar constant of radiation, which is 
defined as the number of calories which would be received from 
the Sun each minute upon a surface one centimeter square, if 
the surface were exposed perpendicularly to* the Sun’s rays 
outside the Earth’s atmosphere, at the Earth’s mean distance 
from the Sun, Its value, according to the most generally 
accepted determinations, averages 1.94, but varies by about 
five or six per cent. 

The word calorie, as here used, denotes the amount of energy required 
to raise the temperature of one gram of pure water from 15° C. to 16 0 C. 
It is equal to 4.1 S X io 7 ergs. The energy of the Sun comes to us in the form 
of waves of a great range in length, the greater part residing in the infra¬ 
red or “heat” waves. This energy has not the form of heat as it passes 
through space, and assumes that form only when it is absorbed by some 
non-transparent material. This may be strikingly demonstrated by con¬ 
verging sunlight upon a piece of dark cloth by means of a convex lens made 
of ice. The Sun's rays heat the icc very little^—if it were perfectly trans¬ 
parent to all of them, they would heat it not at all—nor does the ice cool 
the rays; but they are absorbed by the cloth and so transformed into heat, 
which is a motion of the molecules, and the cloth is set afire. Dark objects 
absorb radiation and transform it into heat more readily than do light- 
colored objects, and this is why, In summer, light-colored clothing is more 
comfortable than black. Neither a perfectly transparent body nor a per¬ 
fect re doctor, if either existed, would absorb radiation or be warmed by 
sunlight. 

The determination of the solar constant involves two different problems: 
the measurement of the rate at which energy is received at the surface of 
the Earth after it has passed through the air, and the determination of the 
amount absorbed by the air during passage. The first is solved with the 
instrument known as a pyrheliometer, invented by Pouillet alxmt 1838, in 
which the Sun's radiation is allowed to fall upon a body of known mass 
and aljsorbing power, and the rise of temperature in a known interval of 
time is noted. Corrections must he made for imperfect absorption of the 
Sun s energy and for radiation of energy from the pyrheliomcter. The 
absorption of the air is more difficult to determine. Information about it 
is obtained by comparing pyrheliomcter readings made at sea level with 
those made on the tops of mountains, above a part of the atmosphere, and 
also from readings made at different times of day, with “high Sun” and 
“low Sun.” Since the absorption is different for different wave-lengths, it 
is necessary also to compare the intensity of the radiation in different parts 
of the spectrum, particularly in the infra-red; for this, use is made of the 
bolometer, an exquisitely delicate instalment invented by Langley at Alle¬ 
gheny about r88o s the operation of which depends upon the change of elec¬ 
trical resistance produced in a thin strip of platinum when radiation falls 
upon it. 
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The value 1.94, given above for the solar constant, is that 
determined by the Smithsonian Astrophysical Observatory of 
W ashington from a vast quantity of observations made at 
stations in different parts of the Earth, many in the clear air 
of desert regions, and at different altitudes. According to 
Abbot, the Director of that Observatory, the solar constant 
varies by about five per cent in an irregular interval of a few 
days, and is about three per cent higher at the time of sun¬ 
spot maximum than at spot minimum; but a low value often 
occurs the day after the passage of a large spot-group across 
the center of the solar disk. 

1 o put the Sun s radiation in more familiar terms, we may 
compute the rate at which it could melt ice. The appropriate 
computation shows that the Sun’s radiation would, at the 
Earth’s distance, melt in one minute a sheet of ice 0.0267 cm. 
thick if placed perpendicular to the Sun’s rays and if all the 
energy were absorbed by the ice. Since the intensity of radi¬ 
ation vanes inversely as the square of the distance, to obtain 
the intensity at the Sun’s surface, we must multiply the in¬ 
tensity at the Earth's distance by the square of the ratio of the 
distance from the Earth to the Sun (149,500,000 km.) to the 
radius of the Sun (696,000 km.). The square of this ratio is 
about 46,000. Therefore, at the photosphere, the solar radi¬ 
ation would melt in one minute a shell of ice 46,000 X 0.0267 
cm., or about 12 meters (39 feet) thick! 

One horse-power is the equivalent of 107 calories per minute; 

hence, at the Earth’s distance each square centimeter receives 

1.94 -- 107 = 0.018 horse-power, or the radiation falling on a 

square meter, if utilized in a perfect engine (existing engines 

are far from perfect) would yield 1.8 horse-power. At the 

surface of the Sun, each square centimeter develops over 8 

horse-power continuouslv. 

" 

The above computation involves the assumption that the Sun radiates 
at the same rate in all directions, just as other luminous bodies do—an 
assumption against which there is not the slightest evidence. On the same 

assumption, the Earth receives only about -part of the whole amount 

of energy produced by the Sun. and only about i/io* is received by all the 
Ixxlies of the Solar System combined. A very smali amount must be ab- 
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sorbed by the stars, and the remainder of this vast output of energy, to the 
best of our knowledge, travels forever outward into space. 

The Effective Temperature of the Sun.- -The value of the 
solar constant affords a means of determining the Sun’s tem¬ 
perature by the Stefan-Boltzmann law, which states that the 
radiation of a black body (page 158, footnote) varies as the 
fourLh power of the absolute temperature. Abbot’s value thus 
results in an effective temperature of the Sun — i. e., the average 
temperature of its radiating surface on the assumption that it 
is "black”— of 5,800° C., which is in good agreement with that 
obtained by Wien’s law (page 158) and by other methods into 
which we shall not enter here. 

The Source of the Sun’s Energy— Calculations based on 
the laws of Physics show conclusively that the Sun’s vast pro¬ 
duction of energy cannot be explained by combustion (if it 
were composed of pure coal and oxygen its consumption at the 
present rate of outpour would last only about a thousand 
years), nor by the cooling of matter previously heated, nor by 
the fall of meteoric bodies into the Sun. 

At the end of the nineteenth century, it was generally conceded that the 
contraction theory of Helmholtz afforded an adequate explanation. A con¬ 
traction of the Sun is the equivalent of a fall of each particle of its substance 
toward the center, and in falling the particles must generate heat. From 
Abbot's value of the solar constant, it may be shown that a contraction of 
the Sun’s radius of .57 meters annually would account for the energy radi¬ 
ated. while the change in the Sun’s diameter would not become perceptible 
from the Earth in several thousand years. Lane proved further that the radi¬ 
ation of energy produced by this contraction would not be as rapid as its gen¬ 
eration. and that, therefore, paradoxically, the Sun would actually grow hotter 
until its contraction proceeded so far that it was no longer gaseous. How¬ 
ever, if the Sun has lieen contracting in the past at the rate required by the 
Helmholtz hypothesis, it must have been as large as the Earth’s orbit as 
recently as 20,000,000 years ago, and under such circumstances the Earth 
could not have supported life if indeed it could have existed. Oeologists 
find evidence of life on the Earth as much as 300,000.000 years old, and 
place the age of the Earth’s crust at not less than 1 .000.000.000 years; and 
hence the Helmholtz theory must be regarded as inadequate. 

The source of the energy of the Sun and of the other stars 
is now believed to lie within their atoms. Modern atomic 
theory shows that the electrons and protons of which atoms 
consist are themselves particles of energy. According to the 
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theory of relativity, the mass of a body is only the total quantity 
of energy which it contains divided by the square of the velocity 
of light , so that the mass of the Sun, 2 X io 33 grams, is the equiv¬ 
alent of 1.8 X io 54 ergs of energy. From Abbot’s value of the 
solar constant, it may be computed that the Sun is pouring out 
energy at the rate of 1.2 X to 41 ergs per year, or, if all this 
energy comes from the annihilation of matter, the Sun’s mass 
is diminishing at the rate of 1.4 x io lfl tons per year. This is of 
the order of a millionth of the Earth’s mass and is so small a 
fraction of the Sun’s mass that the radiation could continue at 
its present rate for 1.5 X 10' 3 (fifteen million million) years 
before the sub-atomic supply of energy is exhausted. Surely 
this period is long enough to satisfy the most exacting demands 
of Geology and the theory of evolution. 

Man has not learned to experiment with the vast quantities 
of energy stored within the atom, and we can only guess as to 
the way in which the transformation occurs in the interior 
of a star, 1 wo possible methods have been suggested: first, 
by the coalescence and mutual destruction of a positive proton 
and a negative electron; and second, by the transmutation of 
simple elements into more complex elements—for example, if 
four atoms of hydrogen, whose atomic weight is 1.00S, were 
transmuted into helium, of atomic weight 4.000, the dis¬ 
appearance of 0.032 of the mass of the hydrogen could be 
accounted for only by its transformation into radiative energy. 


CHAPTER IX 


THE PATHS OF THE PLANETS 

The Planets.—A planet may be distinguished from a star in 
three ways: First, the stars twinkle and the planets usually do 
not; this rule, however, is far from infallible. Second, when 
magnified by a telescope, the planets show disks of perceptible 
area, while the stars appear as glittering points. This distinction 
holds for all the principal planets, but fails for most of the many 
minor planets, or asteroids. Third, and most important, the 
stars maintain practically the same relative positions for years 
while a planet changes its position among them perceptibly from 
night to night or, seen in a telescope, in the course of a few 
hours or even minutes. 

The word planet is derived from a Greek word meaning 
wanderer, and is so applied because of the third characteristic 
just mentioned. The ancients recognized seven planets: the 
Sun, the Moon, Mercury, Venus, Mars, Jupiter, and Saturn. 
The Sun and Moon are not now so classed, but modem Astron¬ 
omy places the Earth among the planets and has discovered 
two others, Uranus and Neptune, of a size much greater than 
the Earth’s, and besides these more than a thousand little 
bodies called minor planets, or asteroids. The word as noiv 
applied means an opaque body that shines by reflected sun¬ 
light and that moves around the Sun in a nearly circular 
orbit. 

Apparent Motions of the Planets upon the Celestial Sphere. 

—The apparent motions of the planets are not so simple as 
those of the Sun or Moon. The Sun seems to move with 
nearly constant speed and always toward the east in the great 
circle called the ecliptic, which is practically fixed among the 
stars. The Moon’s apparent motion is also eastward and in a 
great circle that is slightly inclined to the ecliptic. Although 
the apparent path of each of the planets (some of the asteroids 

183 








184 


ASTRONOMY 


excepted) lies near the ecliptic, their motion is very different 
from that of the Sun or Moon, being zigzag or looped—toward 
the east for a considerable period, then toward the west for a 
shorter time, and then eastward again. The long, eastward 
motion is called direct and the short, westward motion, 
retrograde. The apparent motion of Mars from 1928 August 
1 to 1929 May 1, through the constellations Taurus and Gemini, 
is shown in Fig. 106. From 1926, December 8, until 1928, 
November 10, this planet will move directly, but its motion 



becomes reversed on the latter date, and remains retrograde 
until 1929, February i, when it again becomes direct. The 
planet will then continue to move directly for about two years, 
going entirely around the sky and again passing the region 
shown in Fig. 106, and will traverse another loop in the winter 
of 1930-31. 

Since the Sun also appears to move among the stars, the 
motions of a planet relative to the Sun and relative to the 
stars arc necessarily different. The direct motion of all but 
two of the planets is always slower than that of the Sun, so 
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that they drop relatively westward and cross the meridian of 
any given place earlier each night as counted by solar time. 
The two exceptions are Mercury and Venus, which drop 
rapidly west of the Sun during their retrograde motion and 
then slowly overtake it as they move directly, thus appearing 
at one time as “morning stars” on the west side of the Sun and 
then as “evening stars” on the east. 

The difference of the longitudes of a planet and the Sun is 
called the planet’s elongation, and this may be either east or 
west elongation. If the elongation is zero, the planet is said 
to be in conjunction; if 90°, it is in quadrature; and if 180 , it 
is in opposition. Mercury and Venus never reach quadrature 
or opposition, the greatest elongation ever reached by the 
former being 28°, and by the latter 47 The conjunction 
reached by either of these planets during its retrograde motion 
is called inferior conjunction, while that reached during direct 
motion is called superior. Opposition is reached by each of 
the other planets about the middle of its retrograde motion. 
The time taken by a planet to go from opposition to opposition 
or from conjunction to conjunction is called its synodic period. 

Apparent Geocentric Motion in Space.—The motions just 
described are the apparent motions on the celestial sphere and 
take no account of the changing distance of the planets from 
the Earth. In the cases of some of the planets, especially Mars, 
the brightness changes greatly with the planet s position, 
being greatest for this planet near opposition and least near 
conjunction. Mercury and Venus are brightest when a short 
distance from inferior conjunction and faintest near superior con¬ 
junction. This was interpreted centuries ago as being due to 
change of distance, and the correctness of this interpretation is 
proved by the telescope, which shows that the apparent diam¬ 
eter is greatest when the planet is near opposition or inferior 
conjunction. 

We have seen (page 97) how the apparent geocentric path 
of the Sun in space can be pictured by drawing radiating lines 
from a point to represent the Sun's direction from the Earth 
at different times, and cutting off the lines to a length inversely 
proportional to the Sun’s apparent diameter; and that the 
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curve so indicated is a nearly circular ellipse with the Earth 
at one focus. The Moon’s geocentric path is also an ellipse and 





Fig. 107. Geocentric Paths of Mars, Jupiter, and Saturn (from Proctor’s 
Old and New Astronomy) 



Fig. 108. Geocentric Paths of Mercury and Venus (from Proctor's Old 

and New Astrmamy) 

has only a slightly greater eccentricity. Jf a curve be similarly 
constructed to represent the geocentric path of a planet, it 
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appears as an intricate series of loops, as shown in Figs. 107 and 

JOS. 

The Ptolemaic System of Planetary Motions.—Many 
philosophers among the ancient Greeks attempted a logical 
description of the motions of the heavenly bodies. Most of 
them assumed the Earth to be stationary, but some, among 
whom was Aristarchus of Samos {310-250 b.c.), taught 
that both the Earth and the bodies now classed as planets 
revolved around the Sun. After Aristarchus the principal 
promoters of theoretical astronomy were the Alexandrians 
Apollonius (c. 230 b.c.), Hipparchus (190-120 b.c.), and Claud¬ 
ius Ptolemy (a.d. i 00-170). Probably they did not intend 
their theories to be accepted unquestioningly as the true 
physical description of the world, but rather to be used as 
mathematical tools for computing the positions of the planets 
at any time. 

Ptolemy composed a thorough compendium of the astronomy 
of his time, which he called the Mathematical System of Astron¬ 
omy, but which came to be known as Swrafa, the Great 

System. During the centuries of semi-barbarism that stifled 
Europe after the decline of the great school at Alexandria, this 
work was honored and preserved by the Arabs, who prefixed 
their article al to the title and corrupted it to Almagest, the 
name the book bears to this day. The description of the 
planetary system given in Ptolemy’s Almagest, known as the 
Ptolemaic system, exercised a profound influence on literature, 
science, and religion, which is abundantly evident, for example, 
in the great epic poems of Dante and Milton. 

According to the Ptolemaic system, the Earth is fixed at 
the center of the universe, (Ptolemy argued that, if the Earth 
moved, falcons and other birds would be left behind when they 
flew into the sky.) Around it revolves the Sun in a period of 
a year in a slightly eccentric circle. Each of the planets re¬ 
volves, in a small circle called an epicycle, around a point which 
in turn revolves around the Earth in a large circle called a 
deferent. The deferents of Mercury and Venus lie within the 
orbit of the Sun, and the centers of their epicycles lie always on 
a straight line joining Sun and Earth, thus explaining their 
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apparent oscillations relative to the Sun The deferents of the 
other planets lie outside the Sun’s orbit. Within all the other 
orbits revolves the Moon in an epicycle, backward, in a period 
of one sidereal month, while its epicycle revolves forward in 
the same period, in a deferent that surrounds the Earth eccen¬ 
trically, Outside all the orbits Ptolemy places the sphere of 
the fixed stars, and beyond this is the Primum Mobile, which 
furnishes the motive power that keeps the whole intricate 
machine turning westward in the diurnal motion while the 
planetary motions go on inside. The general principles of the 



(Adapted from Dante and the Early Astronomers^ by M. A. Orr) 

system, and the way in which it explained the observed motions, 
can be readily seen in Fig. 109. 

The Copernican System.—The Ptolemaic system was vir¬ 
tually undisputed for thirteen centuries, until the Polish monk 
Nikolaus Kopemik (1473-1545). or Copernicus (the Latin form 
of his name), published his book De Revol-utionibus Orbium 
Caslestium, in which he showed that the observed motions of 
the celestial bodies could be explained more simply and reason¬ 
ably by placing the Sun at the center of the system and suppos¬ 
ing the Earth to be merely one of the planets revolving around 
it. The looped geocentric orbits of the planets are easily 
explained on the Copernican theory in this way: In Fig. no 
(left side) let S represent the Sun, the small circle the & orbit 
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of the Earth, and the large arc a part of the orbit of another 
planet, say Jupiter. The Earth would occupy the positions 1, 
2, 3, etc., at intervals of two months, and Jupiter, whose 
angular velocity is only a twelfth that of the Earth, would 
at the corresponding times occupy the points i\ 2 r , 3', etc. To 
us who live on the smoothly-moving Earth, it seems that we 
are stationary while Jupiter is seen in the directions and al 
the distances represented by the lines //', 22', 33', etc. Hence, 
if we construct a drawing like that at the right in Fig. no, 
making the Earth stationary at E and drawing lines parallel 
to the lines 11', etc., and of the same length, the locus of the 



Fig. 110. Copernican Explanation of the Looped Path of a Planet 


ends of these lines will represent the apparent geocentric path 
of Jupiter, which thus turns out to be looped like the observed 
path. 

It is to he noted that Copernicus’s theory explains the obser¬ 
vations that had been made up to his time as well as does 
Ptolemy’s, but no better; but it has the advantage of greater 
simplicity and is free from the difficulty of making the stars, 
which were by that time known to be very distant, revolve 
rapidly in enormous orbits. 

Tycho Brahe (1546-1601).—Three years after the death of 
Copernicus there was bom a Danish nobleman, Tyghe Brahe 
whose name is usually given in the Latin form of Tycho. 
Although learning of any kind was then considered beneath 
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the dignity of the nobility, Tycho was attracted to astronomy 
at the age of fourteen by the fulfillment of a prediction of an 
eclipse, and, overcoming his aristocratic scruples, became so 
great an astronomer (and astrologer) that the king of Denmark 
established for him a great observatory on the island of Hven, 
near Elsinore, which Tycho furnished with the most accurate 
instruments ever made before the introduction of the tele¬ 
scope. Tycho took a backward step in theoretical astronomy 
by rejecting the Copernican system, partly on theological 
grounds and partly because his most careful observations failed 
to show any parallactic displacement in the stars. Instead, 
he substituted a “Tychonic” system in which the Sun revolved 
around the immovable Earth while the planets revolved around 
the Sun. This system was not generally accepted, and so did 
little harm, and Tycho made a great contribution to the progress 
of astronomy by his long and accurate series of observations of 
the positions of the planets. Upon these observations Kepler 
based his great discovery of the laws of planetary motion, 
which firmly established the Copernican system. 

Galileo {1564—1642), The heliocentric theory received sup¬ 
port from the brilliant discoveries of the great Italian, Galileo 
Galilei, when he applied the telescope to the observation of the 
sky. One of the first discoveries he made was that of the four 
bright satellites of Jupiter, which in their orbital motion around 
that planet exemplify almost exactly the Copernican motions 
of the planets around the Sun. 

The news of the discovery soon spread and excited the greatest interest 
and astonishment. Many, of course, refused to tjclieve it. Some there were 
who, having l>ccn shown them, refused to believe their eyes, and asserted 
that although the telescope acted well enough for terrestrial objects, it was 
altogether false and illusory when applied to the heavens. Others took the 
safer ground of refusing to look through the glass. One of these who would 
not look at the satellites happened to die soon afterwards, “I hope,” says 
Galileo, **that he saw them on his way to hcaA'cm” 1 

The most powerful blow to the geocentric theory of Ptolemy 
was given by Galileo’s observation of Venus. According to the 
Ptolemaic system, as we have seen, both Venus and Mercury 

1 Lodge, Pioneers of Science M p. 104, 
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were always nearly between the Earth and Sun, and so could 
never present to the Earth so much as half of their illuminated 
hemispheres — in other words, could never exhibit the gibbous 
phase, Copernicus had predicted that, if human sight could 
ever be sufficiently enhanced, these two planets would show 
the same phases as the Moon* Galileo observed Venus in the 
gibbous phase, and, having learned caution, announced the fact 
in an anagram which, after he had followed the planet until it 
took the crescent form, he translated by interchanging the 
letters. The original sentence read “ Haec immaiura a me iam 
frusira leguntur . oy" ("These unripe things are now read by 
me in vain . 1 ’) The translation was “Cynthiae figuras aemulatur 
mater amorum” ("The mother of the loves imitates the form of 
Cynthia") ; or, Venus goes through the same phases as the Moon, 

In his old age Galileo was tried by an ecclesiastic court composed of men 
who, no doubt> were pious and conscientious, but to whom the idea of the 
Earth's not being the immovable center of the universe was so repugnant 
that they convicted Galileo of heresy, and he escaped severe punishment 
only by publicly abjuring the belief that he knew to be true. Forty years 
earlier, Giordano Bruno had been burned alive for similar heresies. 

Kepler (1571-1630) and the Laws of Planetary Motion,— 

The great German mathematical astronomer, Johannes Kepler, 
was a pupil of Tycho Brahe and held friendly correspondence 
with Galileo. Impressed with the rationality of the Copernican 
theory, he concerned himself with numerical questions relating 
to the planets, such as, Why are there just six planets? What 
law determines their distances from the Sun ? Why do the outer 
planets move more slowly than the inner? and Why does the 
speed of any given planet vary ? 

At one time he thought he had solved the first two questions, and it was 
this solution which attracted the attention of Tycho and brought Kepler 
into contact with that great man. It is shown in Solid Geometry that there 
are just five possible regular solids: those having four, six, eight, twelve, and 
twenty sides. Kepler found that, if the heliocentric orbit of Saturn were 
imagined to lie on the surface of a sphere, and a cube were inscribed in this 
sphere, the sphere inscribed in the cube would nearly fit the orbit of Jupiter; 
if a regular tetrahedron were inscribed in the sphere of Jupiter it would 
about contain the sphere of Mars; and, with fair approximation, a dodeca¬ 
hedron might be inserted between the spheres of Mars and the Earth, an 
icosahedron between those of the Earth and Venus, and an octahedron be- 
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tween those of Venus and Mercury. Fig, jn } copied from the frontispiece 
to VoL I of Kepler’s Collected Works, illustrates this idea. 

These relations, however* were not sufficiently exact to satisfy Kepler, 
and so, following the ancient Pythagorean notion of the Music of the Spheres, 

he imagined that the pitch of the note 
sung by a planet might depend upon 
the planet's velocity. He thus made 
many attempts to discover the celestial 
harmonies, but found nothing better 
than the example shown in Fig. 112. 

Finally, after years of in¬ 
credible labor and many wrong 
guesses, by using the extensive 
vserics of observations of the 
planets recorded by Tycho, he 
arrived at the following impor¬ 
tant conclusions, which are 
known as Kepler's laws of 
planetary motion: 

I- Each planet moves in an 
ellipse which has the Sun at one of its foci. 

II. The radius vector of each planet passes over equal areas 
in equal intervals of time. This is known as the law of areas. 

IIL The cubes of the mean distances of any two planets 
from the Sun are to each other as the squares of their periodic 
times; 

or 1 aj»: \ : P L *:PJ t 

where the a's denote the mean 
distances and the P's the side¬ 
real periods of any two planets. 

The third law, which he called the 
Harmonic Law, especially delighted 
Kepler, and he wrote of it, "The die is 
cast, the book is written, to be read 
either now or by posterity, 1 care not which; it can await its reader; has 
not God waited six thousand years for an observer? ” 

Elements of a Planet’s Orbit —The orbit of a body that 
revolves around the Sun is most conveniently and accurately 
described by means of certain numbers known as the elements 
of the orbit. Those most commonly used are the following: 



Vim* H^hh 


Fig, 1 12 , "'The Music of the 
Spheres" (after Dreyhr) 
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1. The longitude of the ascending node, 9 . 

2. The inclination to the ecliptic, i 

3. The longitude of perihelion, *•; or else the “argument of 
the latitude of perihelion," « 

4. The semi-major axis, a 

5. The eccentricity, e 

6. The mean heliocentric longitude, L , or the mean anomaly 
M, of the planet at a specified epoch; or else the time of peri¬ 
helion passage, T 

7. The sidereal period, P, or mean daily motion, n 



The definition of these elements will be assisted by reference 
to Fig. 113. The plane EKLI represents the plane of the 
Earth’s orbit (or of the ecliptic), and ORBT the plane of the 
orbit of the planet in question. Their line of intersection N N r , 
which always passes through the center of the Sun, is the line 
of nodes. The planet passes from the south to the north side 
of the ecliptic at the point n, which is the ascending node. 

Let the line St be drawn from the Sun toward the position 
of the venial equinox on the celestial sphere. The angle between 
this line and the line of nodes, measured from the venial equinox 
toward the ascending node, is £>, the longitude of the ascending 
node. The angle between the two planes is i, the inclination. 
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These two elements define completely the position of the orbit 
plane. 

The orientation of the orbit within its plane may be described 
by the angle w, measured in the plane of the orbit and in the 
direction of the body’s motion (eastward in the case of each 
planet, but often westward in the case of a comet) between SN 
and SP, P being the perihelion. For the principal planets, 
however, it is customary to substitute for this element the 
longitude of perihelion," ir, which (strictly speaking not a 
longitude at all) is the sum of the two angles n + w. 

The semi-major axis, a, or mean distance of the planet 
from the Sun, defines the size of the orbit. It may be expressed 
in miles or kilometers, but for most purposes it is better to 
use the "astronomical unit" of distance, which is the semi- 
major axis of the Earth's orbit, 92,900,000 miles, or 149,500,000 
kilometers. 

The eccentricity, e, defines the shape of the orbit. It is a 
pure number, defined as the ratio of c, the Sun’s distance from 
the center of the orbit (or half the distance between the foci) 
to a, the semi-major axis; that is, e = c/a. 

The above five elements completely describe the orbit itself; 
but to determine the position of the planet at any time it 
is necessary to know its position at some specified time, which 
is given by the sixth element; and also the time of revolution, 
P, or, what is usually more convenient in computation, the 
mean daily motion, /t, which is simply 360° divided by the 
number of days in P. In the case of a planet which is so small 
that its mass may be neglected, this last element is superfluous, 
since it can be computed from a by Kepler’s harmonic law; 
but where the mass is appreciable as compared to that of the 
Sun, the harmonic law is not quite exact. 

The position of a planet in its orbit is described by two co-ordinates' r 
the length of the radius vector, or line joining the planet and the Sun; and 
the true anomaly t the angle made by the radius vector with the line of 
apsides, counted from the perihelion in the direction of the planet’s motion. 
In a circular orbit, the calculation of these two co-ordinates is extremely 
simple, for r is constant and v changes uniformly with the time; but in an 
elliptic orbit both r and v change in conformity with the law of areas, and 
the problem of their calculation, known as Kepler’s problem, is a matter 
of some difficulty. 
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Use is made of an imaginary mean planet which, coinciding with the true 
planet at perihelion, moves with a uniform angular velocity equal to the 
mean angular velocity of the true planet. The planet’s mean anomaly is 
the anomaly of this fictitious body, and its mean longitude is the “longitude” 
of the fictitious planet, counted, like the "longitude” of perihelion, in the 
plane of the ecliptic from the vernal equinox to the ascending node, and in 
the plane of the orbit from the ascending node to the place of the mean 
planet. 

Orbital Elements of the Principal Planets.—The elements 
of the orbits of the principal planets for the year 1925 are 
given in Table 9.1. They are subject to slow changes due to 
perturbations, but the effect of these will be unimportant for 
many years. 

Table p.i 


Name of Planet 

Mercury 

Venus 

Earth 

Symbol 


9 

© 

Mean Distance 0 

0.3a? 

0,733 

i. 000 

Eccentricity € 

0.206 

0,007 

0.017 

Inclination i 

7?Q 

3% 


Long, of A sc. Node 0 
Long, of Perihelion r 
Menn Heliocentric 

47?4 

76*3 

76% 

I30?5 

ioi?7 

Long, of Planet 
1935 Jan. 0.0 

0 

105.7 

0 

313.3 

99?6 

Sidereal Period P 

m 

223 d 

36 s* 

Mean Daily Motion p 

4?O0 

1? 60 

o?99 


Mars 

Jupiter 

Saturn 

Uranus 

Neptune 

c? 

% 

b 

6 


I.S34 

5 *oj 

9 539 

19.191 

30.071 

0.093 

0.048 

0.056 

0,047 

0.009 

lU 

1*3 


o?S 


49?o 

99*7 

I1J?0 

73?6 

131^9 

334“ 7 

I3?l 

gt ?6 

i&9?4 

44*0 

39*0 

277*t 

312*4 

350* & 

140*0 

1*9 

1 if 9 

2 9fS 

84^0 

l&4*8 

0?§3 

299 ” 

120 " 

43" 

7 Z il 


The symbols of the planets given in the second line of the table, which 
are often encountered in astronomic literature, are mostly of ancient origin 
and are supposed to be conventionalized pictures of objects associated with 
the deities for whom the planets are named. The symlx>l for Mercury rep¬ 
resents the Caduceus, a wand with two serpents twined around it, which 
was carried by the messenger of the gods, Venus, the planet of love and 
l>eauty, is symbolized by a hand mirror; Mars, planet of war, by a shield 
and spear; and Saturn, slowest of the ancient planets, by a sickle, corre¬ 
sponding to the scythe of Father Time. The symbol of Jupiter is perhaps 
a thunderbolt or the letter if, initial of Zeus. That of the Earth is probably 
a globe showing the equator and central meridian, and is of more recent 
origin. The symbol of Uranus is said to represent the heavens (Uranus was 
god of the sky), and Neptune is represented by his familiar trident. These 
last two are of course modem. 

It will be noted that i is in every case small, being greatest 
for Mercury, seven degrees. The orbits of ail the principal 
planets are thus seen to lie close to the ecliptic. Except in the 
case of Mercury, e is also small, showing that the orbits are 
nearly circular. 
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Perhaps the most interesting elements are a and P. The 
periods range from three months in the case of Mercury to 
i65 \ ears for Neptune; the age of an earthly octogenarian is 
less than half of a Neptunian “year." The mean distance of 
Mercury is some 38,000,000 miles, while that of Neptune is 
roughly .3,000,000,000. Light, which reaches the Earth from 
the Sun in 499 seconds, requires more than four hours to make 



the journey to Neptune. The range of distances is so great 
that it is impracticable to represent all the planet orbits on a 
single diagram. The four inner orbits are pictured in Fig. 
114, and those ol Mars and the four outer planets in Fig, n 5 
Bode’s Law. -The approximate distances of the planets from 
the Sun may be conveniently remembered by a relation first 
pointed out by r l itius, but commonly known as Bode’s law. If 
we write a series of 4’s and add to them the numbers o 3 
3X2, 3X2X2, 3X2X2X2, etc., thus: 
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444444 4 4 4 

03 6 12 24 48 96 19 2_384 

4 7 10 16 28 52 100 196 388 

we get a series of numbers which are approximately ten times 
the distances of the planets in astronomic units. Except for the 
gap between Mars and Jupiter, which is now known to be 



occupied by most of the asteroids, the relation holds pretty 
well for all the planets except Neptune, but there it fails com¬ 
pletely. There is no known theoretical reason for the ‘‘law,’ 
and it may be merely a coincidence. 

Kepler’s Method of Determining the Form and Size of an 
Orbit.—Since the discovery of the law of gravitation and the 
development of modern mathematical methods, all the elements 
of the orbit of a planet can be very approximately determined, 
by a computation that in skilled hands requires less than a day, 
from three observations of the planet s right ascension and 
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declination made on different dates. This method was not 
available to Kepler, who investigated the planetary orbits and 
discovered his three great laws by a much more laborious pro¬ 
cess. 

As we have seen, there were available to Kepler the numerous 
observations of the apparent positions of the planets recorded 
during many years by Tycho Brahe and his assistants at the 
great observatory on the island of Hven. The first step was 
to determine accurately the planet's sidereal period, which 
could be done in two ways: (i) by observations of the time of 
conjunction or opposition, and (2) by observations of the time 
of node passage. 

The sidereal period is the time of one complete orbital revo¬ 
lution, from a given direction among the stars to the same 
direction again, as seen from the Sun; the synodic period is 
the time from opposition to opposition or from conjunction to 
conjunction as seen from the Earth. The synodic periods are 
variable because of the varying speed of the planets in different 
parts of their orbits; but if we represent by S the mean synodic 
period of a planet in days, by P its sidereal period, and by E 
the sidereal period of the Earth (365.25), then 

i/5 = i/P - ifE if E > P, or 

i/5 = i/E - i/P if E < P; 

for each side of the equation represents the average daily gain 
of the Sun upon the planet in their apparent eastward motion, 
expressed in fractions of a circumference. Oppositions, quadra¬ 
tures, and conjunctions of the planets played an important 
part in astrology, and hence records of such observations made 
long before the time of Tycho were available; from these 5 
could be found, and P could then be determined from one of 
the above equations* 

When a planet is at its node, its latitude is zero as seen from 
either the Earth or the Sun, since it is then exactly in the plane 
of the ecliptic. One sidereal period later, it will again be at the 
node and, although its longitude as seen from the Earth will be 
different because the Earth occupies a different point of its 
orbit, the planet’s latitude will again be zero. Hence, the 
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interval between two successive times when the planet is seen 
crossing the ecliptic in the same direction is its sidereal period. 

Having the sidereal period, Kepler determined the planet s 
distance from the Sun at different points of its orbit by triangu¬ 
lation. His first thorough investigation was that of the orbit of 
Mars, the period of which is 687 days. Suppose that Mars is at 
the point C of its orbit (Fig. 116) when the Earth is at A. 
After 687 days Mars will be back at C, while the Earth will have 
made one complete revolution and a large part of another, and 
be at B. In the triangle ASB the sides SA and SB are radii 
of the Earth’s orbit, and the angle ASB can be found from the 



Fig. i i 6. Kepler's Method of Determining the Orbit of a Planet 

interval of time; hence it is possible to compute trigonometri¬ 
cally the side AB and the angles SAB and SB A. Tycho’s 
observations furnished the angles SAC and SBC, the planet s 
elongations when the Earth was at A and B, respectively, 
from these, by subtracting the computed angles SAB and SB A, 
he obtained the angles CAB and ABC; and from these and 
the side AB he computed the sides AC and BC of the triangle 
A BC, giving the distances of Mars from the Earth in terms of 
the Earth’s distance from the Sun. Finally, he obtained SC , 
the radius vector of Mars, from the triangle SAC or CBS, 
having given two sides and the included angle. From many 
pairs of observations separated by the interval of 687 days, he 
was thus enabled to find the distance of Mars from the Sun at 
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many points, and thus to deduce the size and form of the orbit 
and the speed with which the planet moved, and so to discover 
his first two laws. The third law resulted later from a com¬ 
parison of the distances and periods of different planets. 

The Sun as Seen from Different Planets.— As an observer 
recedes from the Sun, both its apparent diameter and the 
intensity of its light and heat become less, the apparent diam¬ 
eter being inversely proportional to the first power of the 
distance and the intensity to the square. As seen from Mercury 
the Sun’s diameter is about two and one-half times as 
great as it appears from the Earth; as seen from Neptune 
its diameter is only a little more than a minute of arc, and to 
the naked eye it would appear as an intensely bright star 
without perceptible disk. 

_ Taking the intensity of the Sun’s light and heat at the Earth’s 
distance as unity, we have the following values of the intensity 
at the distances of the various planets: 

$ 9 ffi 01 b $ tp 

6.7 1.9 1.00 0.43 0.04 0.01 0.003 0.001 

It may well be imagined that there exists a great diversity of 
climate. 

The Earth as Seen from Other Planets.— The Earth, being 
an opaque body, must shine by reflected sunlight and, to an 
observer on one of its nearest neighbors, must present much 
the same appearance as the other planets do to us. The most 
favorable view would be obtained from Venus. When the 
Earth and Venus are nearest together, at a distance of some 
26,000,000 miles, the latter planet is at inferior conjunction 
nearly or (on rare occasions) quite directly between us and the 
Sun, so that her dark side is turned toward us and at the same 
time the eye is dazzled by the light of the Sun. For an ob¬ 
server on \ onus at the same time, the conditions for viewing 
the Earth would be the reverse of these: the Earth would be 
at opposition with its illuminated side turned full upon the ob¬ 
server and would appear as a star about six times as bright as 
Venus appears to us. The Moon would also be plainly seen 
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as a fainter star passing from side to side of the Earth in the 
course of a month to a distance of about half a degree. 

From Mars the view would be less favorable, since for the 
Martians the Earth, like Venus and Mercury, would seem to 
oscillate from side to side of the Sun and would reach a “greatest 
elongation” of 48°, or about the same as that of Venus as seen 
from the Earth. When Mars and the Earth are nearest 
together, the Earth would be at inferior conjunction, and near 
that time a Martian with a good telescope might see both the 
Earth and the Moon in the crescent phase. 

As seen from Jupiter, the Earth is never more than 12° 
distant from the Sun, and it is likely that a race of Jovians, if 
equipped with eyes and telescopes similar to ours, would be 
unaware of the existence of this little globe. This deplorable 
state of ignorance is of course still more likely to be true of 
any possible inhabitants of Saturn, Uranus, Neptune, or their 
satellites. 












CHAPTER X 

THE LAW OF GRAVITATION 


Isaac Newton {1643-1727).— Kepler’s laws of planetary 
motion were simply descriptive statements of the behavior of 
the planets. Neither Kepler nor any one else had given an 
explanation of the force that causes the planets to move in 
just this way and no other. It was generally supposed that, 
to keep a planet moving, some "projectile force,” acting along 
a tangent to the orbit, was required, and Kepler seems to have 
been somewhat inclined to attribute this force to the will of a 
supernatural being—perhaps an angel that had the charge of 
each planet—or to invisible spokes that radiated from the 
Sun and pushed the planets along. It remained for the great 
English mathematical philosopher Sir Isaac Newton to show 
that the planetary motions were but manifestations of a uni¬ 
versal principle and to derive the mighty generalization known 
as the Law of Gravitation. 

The contributions of Newton to astronomy, mathematics, 
and physics are numerous and exceedingly important. Before 
reaching the age of twenty-four he had discovered the binomial 
theorem, formed his theory of colors, founded the branch of 
mathematics which he called “fluxions” and which has grown 
into the modem Calculus, and laid the basis of the law of gravita¬ 
tion. It was not, however, until 1687 that he published his 
immortal work Philosophiae Naturalis Principia Mathematica, 
commonly known as Newton’s Principia, the appearance of 
which probably marks the greatest forward step ever made in 
physical science. 

Newton’s Laws of Motion.—The science of mechanics con¬ 
sists of theorems built upon certain laws or principles just as 
geometry is built upon its familiar axioms. The motions of 
bodies as ordinarily observed, whether they be the planets or 
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familiar bodies at the surface of the Barth, may be calculated 
precisely by the system of mechanics built up by Newton. He 
used as a basis the axioms of Euclidian geometry together 
with three principles that are known as Newton f s laws of motion 
because they were first definitely stated by Newton, although 
they were at least partly understood by Galileo and, before him, 
by the great artist-inventor Leonardo da Vinci. These laws of 
motion are: 

L Every body continues in a state of rest, or of uniform motion in a straight 
tine, unless it is compelled to change that state by a force impressed upon it 

II* The rate of change of motion is proportional to the impressed force, 
and the change takes place in the direction of the straight line in which 
the force acts. 

III. To every action there is an equal and opposite reaction. 

Comment on the First Law.—IE a block o£ wood resting on a level floor 
be given a sufficient impulse, it will slide along the floor, but if then left to 
itself it will come quickly to a stop because of the friction between it and 
the floor* If the floor be made very smooth, the block will slide farther 
before coming to a stop t>ecause the friction is less* If the block be placed 
on smooth ice, a given impulse will carry it farther still* We cannot remove 
from a body all forces such as friction, gravity, etc*, and so cannot com¬ 
pletely verify the law experimentally; but experiment shows that, the more 
nearly we eliminate the forces acting on a body, the more nearly does its 
motion conform to the law; and Newton assumed that a body moving in 
free space, unacted upon by any force whatever, would travel forever uni¬ 
formly in a straight line. Simply to keep moving, then, a planet or any 
other t>ody needs no force such as the “projectile force” of Aristotle. That 
which requires an explanation is the curvature of the planet's path and the 
variation of its speed* 

Comment on the Second Law,—By “the rate of change of motion Newton 
meant what many later writers call the rate of change of momentum, mo¬ 
mentum being the product of mass times velocity. The rate of change of 
motion of a body whose mass remains constant is thus the mass times the 
rate of change of velocity, or mass times acceleration* 

Up to the time of Galileo it had generally been supposed, in agreement 
with Aristotle, that a ten-pound weight would fall ten times as fast as a 
one-pound weight* Galileo, by a famous experiment at the leaning tower 
of Pisa, showed that spheres of different masses fell from the tower to the 
ground in the same time. The reason is that, while the weight, or force 
of gravity, acting on a ten-pound ball is ten times as great as that acting 
on a one-pound ball, and it therefore produces in the former ten times the 
“quantity of motion,” the mass of the ten-pound ball is also ten times as 
great and so the acceleration, or rate of change of velocity, is the same. 
The fact that all bodies, such, for example, as a bullet and a feather, do 
not fall a given distance in air in the same time is due to the difference of 
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the resistance of the air caused by their different shape or density. If dropped 
in a tube from which the air has boon exhausted, the feather and the bullet 
fall in the same time. 

In the statement of the second law, nothing is said about the condition 
of rest or motion of the body at the time the force is applied, nor of other 
forces that may be acting at the same time. It is therefore implied that, 
whether the body is at rest or in motion, and whether other forces be acting 
or not, a given force produces the same change of momentum that it would 
produce if it alone acted on the body at rest. Thus, if a body at A (Fig. 1 17) 
be acted upon simultaneously by a force which would 
cause it to move in one second to B and by another 
which would send it in one second to C, it must, at 
the end of one second, arrive at a .point D which is at 
the distance AB from A as measured in the direction’ 
of the first force and at the distance AC from A as 
measured in the direction of the second force; that is, 
D is.at the opposite comer of a parallelogram of which 
the lines A B and A C are adjacent sides. The impor¬ 
tant principle of the parallelogram of forces is thus a corollary to the second 
law of motion. 

Comment on the Third Law.— Supiwse a man on a raft that floats freely 
in still water pulls on a rope attached to a similar raft that is heavily loaded, 
say with scrap iron. Both rafts will move, and the more lightly loaded raft 
will move the faster. It there were no friction or other forces except the 
pull on the rope, the product of the mass of each raft (plus its load) by its 
rate of change of velocity would lie the same—the “action" of the man is 
met by an equal and opposite “reaction" on the part of the inanimate scrap 
iron. A little reflection will disclose a similar balance wherever forces are 
applied. 

1 he first two laws are sufficient for a discussion of the results of applying 
various forces to one body; the third is needed for studying the motions of 
a system of bodies. 

The Theorem of Areas—As an example of Newton’s 
methods and the important results to which they led we 
may prove the following theorem; 

7 0 Prove.—If a body move subject to no forces except one 
that is directed always toward the same fixed point O, the line 
joining the body to O must pass over equal areas in equal in- 
teruals of time . 

Proof, Suppose, first, that the body is subject to no forces 
whatever, so that, by the first law of motion, it will move 
uniformly in a straight line. Let the line of its motion be AC 
(Fig, 118) and let it move the distance AB in one second. In 
the next second it will travel an equal distance BC. Let 0 be 
any point not in the line AC and draw OA,OB and OC. The 
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triangles OAB and OBC , having equal bases AB and BC and 
the common altitude OK, are equal in area. 

Suppose, however, that upon arriving at B at the end of the 
first second, the body is acted on by an instantaneous force- 
like a blow from a hammer, say—acting along the line BO, 
and that this force is of such magnitude that, had the body 
been at rest, it would have been sent to D (Fig. 119) in one 
second. According to Newton's second law, this instantaneous 
force will produce a change of motion parallel to the line BO, 
causing the body to be displaced in one second a distance BD 
in the direction of that line; but it will not cause it to lose its 
original motion which, acting alone, would carry the body in 




one second from B to C. The actual path is therefore Blt, the 
diagonal of the parallelogram of which BD and BC are adjacent 
sides. Draw OC and OE . The triangles OBC and OBE have 
the common base OB and equal altitudes CL and hM , the 
distance between the parallel lines BD and CE. Therefore 
triangle OBE is equal in area to triangle OBC , which we have 
already shown to be equal to OAB . 

In the third second, if the body were left to itself, it would 
according to the first lav/ of motion, move from E to G where 
EG = BE (Fig. 120); but let it again be acted upon, when at 
E t by an instantaneous force directed toward 0 and of such 
magnitude as to carry it to F had it been at rest at E. It will 
travel to H , the opposite comer of the parallelogram whose 
sides are EG and EF. The triangles OE H and OEG are equal 
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in area since they have the common base OE and equal altitudes 
CP and HQ. 

We now have (Fig. 121) 

AOAB= AOBE= aOEH\ 

that is, if the body be subject to no forces except one which acts 
instantaneously toward 0 at the end of each second, the lines 
joining 0 to the positions occupied by the body at the instants 
of action of the force form triangles of equal area. Our proof 
will hold as well if we suppose the force to act at intervals of 
half a second, or a millionth of a second, or at intervals that 
are smaller than any assignable quantity, however small. In 
the limit, the intermittent, instantaneous forces are replaced by 




a continuously acting force (still supposed to be always acting 
along the line joining the body to 0), and the path of the body 
becomes a smooth curve of a form depending on the way in 
which the force varies. Yet, however small the interval at 
which the force be supposed to act, the area described in any 
unit of time, as one second, will be the same as that described 
in any equal unit since it is the sum of the same number of 
equal areas; and hence, however the force may vary in inten¬ 
sity, so long as it acts always along the line joining the body to 
0 (it may be directed away from 0 as well as toward 0), that 
line will pass over equal areas in equal intervals of time. q. e. d. 

We have placed no limitations upon the force except that it 
shall always act along the line joining the body to 0 . It may 
be of constant or variable intensity, or it may be intermittent, 
or alternately attractive and repulsive; it may vary in inten¬ 
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sity directly as the distance, or inversely as the square of the 
distance, or according to any other law, or even capriciously; 
and the law of areas proved above must still hold. 

This theorem illustrates one application—the only one that 
we shall attempt to give in detail—that Newton made of his 
laws of motion to the study of Mechanics. He proved also 
that the converse is true: If a body be found moving in such 
a way that the line joining it to any point passes over equal 
areas' in equal intervals of time, then the only force (or the 
resultant of all the forces) acting on the body must be directed 
toward (or away from) the point. Kepler had, as we have 
seen, already shown that each planet moves in that way in 
regard to the Sun—i. e„ that its radius vector describes equal 
areas in equal times. The conclusion was therefore obvious 
that the only Jorce required to explain the motion of any one of 
the planets is a force directed toward the Sun. 

Newton’s Inferences from Kepler’s Laws. — By mathemati¬ 
cal processes based upon the laws of motion as in the above 
example, Newton made an important inference from each of 
the laws of Kepler. These inferences, including the one just 
stated arc * 

1. From Kepler’s law of areas: The force that controls the 
motion of each planet is directed toward the Sun. 

2. From Kepler’s first law: The Sun's attraction for a given 
planet varies inversely as the square of the planet's distance from 

the Sun. , . , 

3 . From the harmonic law: The Sun's attraction vanes from 

one planet to another inversely as the square of the distance. 

The second statement means that, as a planet approaches 
perihelion, the intensity of the attraction rapidly increases; if 
the distance be halved, the attraction is increased fourfold. It 
depends both on the fact that the orbit is an ellipse and on the 
fact that the Sun occupies its focus; if, for instance, Kepler 
had found that the Sun was in the center of the planetary 
ellipses, Newton must have concluded that the attraction 
varied directly as the first power of the distance instead of 
inversely as the square. 

The third statement means that the attraction for a planet 
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of given mass depends only on the distance and not on any 
other properties of the planets such as temperature, chemical 
constitution, etc. If Mars were placed at the Earth’s distance 
from the Sun, the Sun’s attraction for it, except for the differ¬ 
ence of mass, would be the same that it is in the case of the 
Earth. Newton showed, however, that for planets of appreci¬ 
able mass, the harmonic law is only approximately true; the 
precise relation is 

fli 3 : Oa 3 : : JV (M + j»i) : P 2 2 {M + wts) 

where M is the mass of the Sun and the subscripts refer to the 
different planets. In every case in the Solar System, M is so 
much greater than m (the mass of the Sun is about a thousand 
times that of even Jupiter, the greatest planet) that Kepler's 
statement of the law, in which the masses are omitted, is very 
nearly correct. 

The Law of Gravitation.—It is related that Newton was sitting 
one day in his garden, reflecting upon the force that bends the 
planets from straight paths and upon the force that holds the 
Moon in its orbit around the Earth, when his attention was 
diverted by an apple falling from a near-by tree. It occurred 
to him that the fall of the apple and the divergence of the Moon 
and planets from straight lines might be manifestations of the 
same force. Becoming convinced that this was true, he was 
eventually led to the Law of Gravitation, which is: 

Every particle of matter in the universe attracts every other 
particle with a force that varies inversely as the square of the 
distance between them and directly as the product of their 
masses. 

This great law may be expressed very simply in symbols if 
we let mi and m, be the masses of any two particles, d the dis¬ 
tance between them, F the force of their attraction, and G a 
constant; thus: 

F = G 


Newton did not state the law of gravitation in just these words in the 
Prindpia, nor does it appear that he explicitly extended it beyond the Solar 
System; but the whole of Celestial Mechanics, including Newton’s own con¬ 
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tribution, is in harmony with the law as above stated, and the elliptical 
motion of double stars shows that the law holds between them as between 
the Sun and planets. 

Test of the Law of Gravitation by the Motion of the Moon. 

By means of his principles of "fluxions" Newton was able to 
prove the difficult proposition that, if the law of gravitation be 
true, a homogeneous sphere of any size attracts an exterior 
particle (or sphere) inversely as the square of the distance from 
its center; that is, as if the whole mass of the sphere were con¬ 
centrated at its center. He was then in a position to test the 
law of gravitation by comparing the distance which an apple 
falls in the first second with the distance that the Moon falls 
toward the Earth, or in other words deviates from a straight 
line, in the same time. 

At a given distance from the Earth the Moon and the apple 
would, according to the second law 
of motion, fall at the same speed just 
as did Galileo’s unequal weights at 
the leaning tower of Pisa; but, as 
Newton knew, the Moon is about 
sixty times as far from the center 
of the Earth as is the apple, and 
hence, if they are both controlled by 
an attraction that varies inversely 
as the square of their distances from 
the center of the Earth, the fall of 
the apple in the first second should 
be 6o 2 , or 3,600, times the Moon’s 
departure from a straight path in an equal time. The apple 
falls in the first second 16.1 feet, or 193 inches; hence the Moon 
should depart in one second from a straight line 1/3600 of this 
distance, or 0.0535 inch. 

The actual deviation may be easily determined from a knowledge of the 
Moon's distance from the Earth and the time of its revolution In Fig. 122 
let the circle, of radius R. represent the orbit of the Moon, and let the -Moon 
move from A to B in one second. Draw the diameter AP and the chord 
BP. and draw BN at right angles to .'IP. The fall of the Moon toward 
the Earth in one second is the distance BM or its equivalent AN. the 
arc A B is in reality so short that it inay be taken as a straight une, being 



Fig. 122. Verification of tor 
Law of Gravitation 
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one side of a right triangle whose hypotenuse is AP 4 and therefore a mean 
proportional between AN and AP; that is, 


AN = 


A IP 
AP 


But A B, the distance traveled along the orbit in one second, is 2 irR/T f 
where T is the number of seconds in a month; and, as AP = iR, 


AN = 


2 K 1 R 

r* 


To compare the fall of the Moon with that of the apple, we must have T 
in seconds and K in inches. Although Newton knew that R was sixty times 
the Earth’s radius, he at first used an incorrect value of the Earth’s radius 
in inches, and so the computation failed to verify the law. He then reluc¬ 
tantly laid aside that part of his work until six years later, when a new deter¬ 
mination of the size of the Earth was made by Picard (page 83). Newton 
then applied this value and found the Moon’s deviation from the tangent 
to coincide with the fall of the apple within one ten-thousandth of an inch. 


In Newton’s day modem methods of mathematical analysis 
were unknown and he developed his theorems by the compara¬ 
tively cumbrous processes of elementary Geometry, aided by his 
principles of “fluxions." Celestial Mechanics was brought to a 
high state of perfection in the latter half of the eighteenth 
century by the French mathematicians Lagrange and Laplace 
by applying to Newton’s laws the methods of the Calculus. 

Detection of Gravitation between Small Bodies. —A number 
of experiments have been performed whereby the attraction 
between two bodies of much smaller mass than that of the 
Moon or planets has been detected and measured. In 1740 
Bouguer detected the deviation of the plumb-line caused by 
the attraction of Mount Chimborazo in South America, and in 
1 774 Maskelyne made a similar observation of greater accuracy 
at Mount Schiehallien in Scotland, from which he deduced the 
mass of the Earth by comparing its attraction with that of the 
mountain. A more accurate experiment fulfilling the same 
purpose is that of the torsion balance ; it was first performed 
by Lord Cavendish in 1798 and is known as the Cavendish 
experiment. 

Cavendish's torsion balance is shown in Fig. 123. The 
balance consisted of a light rod about six feet long which was 
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supported in a horizontal position by a slender wire, and which 
carried at each end a lead ball about two inches in diameter. 
Suspended at the same level with these balls and on opposite 
sides of the rod were two 12-inch balls, also of lead. Any 
rotation of the rod around the supporting wire could be observed 
by small telescopes directed to small mirrors attached to the 
ends of the rod. The whole apparatus was inclosed in a case 
to prevent disturbance by air currents. 



Frr 121 Cavendish’s Torsion Balance, hh, torsion rod hung by 
FK \^ e ^attracted balls homo from its ends; W.W. attract¬ 
ing masses. (From Jones' General Astronomy) 


Suppose the normal position of the rod was Fig. 124. 
With the large balls in the positions W V W U their attraction, 
which was resisted only by the twist of the slender mre, 
brought the rod into position 2112c,. The large balls were then 
turned to WiWt, and their attraction brought the rod into the 
line %&i. The total angle moved through by the rod from 
position 1 to position 2, which is observed by the telescope is 
four times the angle through which it would be moved by the 
attraction between one small ball and one large one^ This 
angle is proportional to the force of attraction and therefore 
to the resistance due to the torsion of the wire, and the factor 
of proportionality can be determined by observing the time o 
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swing when the balance is disturbed slightly from its position of 
equilibrium and then released, the large balls W being for this 
purpose removed. The stiffer the wire the more rapid are the 
vibrations of the balance. 

Cavendish was able with this apparatus to detect and 
measure the attraction between the balls, but the accuracy of 
the measurements was impaired by the effect of air currents 
which could not be entirely eliminated by the inclosing case. 
The experiment has been repeated a number of times. In 
i8gs Boys used gold balls 5 mm. in 
diameter, attracted by lead balls 10 cm. 
in diameter. The rod of his torsion bal¬ 
ance was a mirror 24 mm. long, which 
was suspended by an exceedingly fine 
fiber of spun quartz. The gold ball s were 
suspended from the mirror at different 
levels so that the lead balls might not 
interfere with one another, and the bal¬ 
ance was inclosed in an air-tight case 
from which the air was partially ex¬ 
hausted. Boys’s results are probably 
the most accurate yet obtained. 

Determination of the Constant of 
Gravitation. —If we let / represent the 
attraction between the large and the 
small ball, d the distance between their 
centers, and B and b their respective masses, we have by the 
Jaw of gravitation 

/-c“ 





Fig, 124* Method of 
Using the Torsion 
Balance, (From 
Jones* General /!$- 
tronopjy) 


or, solving for C, 


G -&1 

Bb 


The masses B and 6 can be determined by weighing the balls, 
d can be measured, and / is determined by the experiment; 
hence the equation gives the numerical value of G, the constant 
of gravitation, which is believed to have the same value through- 
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out the universe. The value determined by Boys is 6658-10 11 
C.G.S. units, which means that two spheres, each having a 
mass of one gram, if placed with their centers one centimeter 
apart, attract each other with a force of 6658/100,000,000,000 
of a dyne. 

The dyne is the C.G.S. unit of force, and is defined as the force required 
to give a muss of one gram an acceleration of one centimeter per second 
oer second. The weight of a body at the Earth’s surface, which is the foice 
of attraction between the Earth and the body, gives it an acceleration, com¬ 
monly denoted by g, of 32.2 feet, or about 981 cm., per second per second, 
hence, the weight of a body whose mass is one gram is 981 dynes. 

The force of gravitation acting between bodies of ordinary 
size is exceedingly small when compared, for instance, with the 
attraction between two magnets. An illustration involving 
larger masses will perhaps make this clearer. Suppose two 
spheres, of mass io 11 grams each (iron balls too feet in diameter 
would have about this mass), placed with their centers one 
kilometer (1 o 5 cm., 0.62 mile) apart. No matter what buildings 
or other obstacles intervene, the two spheres will attract each 
other, but the attraction will be only 66,580 dynes, a force 
equal to the weight of a body whose mass is 68 grams, or less 
than three ounces. Even if all friction and other forces that 
might affect their motion were eliminated, either ball could be 
kept from moving by a slight pressure of the finger. If per¬ 
fectly free from other forces, the balls will begin to approach 
each other, but so slowly that a microscope will be required to 
detect the motion. At the end of an hour, each ball will have 
moved only about 4.4 centimeters, and will then be moving 
at the rate of a fortieth of a millimeter per second. This speed 
will be accelerated at a slowly increasing rate, and at the end 
of eighty-four hours the two balls will come together at a rela¬ 
tive velocity of 2.1 cm/sec. 

Determination of the Mass of the Earth.— Let E be the mass 
of the Earth, and w the weight of the small ball used in the 
Cavendish experiment. The centers of the Earth and the ball 
are a distance r apart, where r is the radius of the Earth. 1 he 
weight w is simply the force of the attraction between the ball 
and the Earth, and is found by multiplying the mass b of the 
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ball by the quantity g; also, it is given by the law of gravita¬ 
tion, 

w — G —■ 
r 2 

Solving for E, 

E = wr 2 /Gb, 

or, substituting the value of G found in the preceding section, 

E = 

From this equation, expressing the forces w and j in dynes, 
the mass B in grams, and the distances r and d in centimeters, 
it is possible to compute E in grams. The result is 7 • io 27 
grams, or 6 ■ io 21 tons. 

1 he Earth’s mass and that of the vastly larger Sun are so 
great that, despite the smallness of G, the force of their mutual 
attraction is sufficiently strong to pull asunder a solid steel 
rod nearly 3,000 miles in diameter; and yet, because of the 
Earth’s great inertia, this force causes the Earth to deviate from 
a straight line only about one-ninth of an inch while traveling 
eighteen miles along its orbit. 

Calculation of the Superficial Gravity of a Heavenly Body.— 

Since a sphere attracts an external body as if its mass were all 
situated at its center, if m represent the mass of the Earth, r 
its radius, and g its attraction for unit mass at its surface, the 
law of gravitation gives 

g = K m/r 2 

where K is a factor of proportionality. Similarly, if m', r\ and 
g' represent the corresponding quantities for any other sphere, 

g' = 

Hence, dividing the second equation by the first, 

g'/g = m'r 2 /mr' 2 . 

lhe quantity on the left has already been defined as the 
superficial gravity of the sphere (page 118). It may readily be 
computed by the last equation when the body’s mass and 
radius are known in terms of the Earth’s. 
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The Problem of Two Bodies.—The following problem has 
been completely solved, first by Newton and later by other 
mathematicians who used modem and more powerful methods: 

Given the masses of two particles or spheres which are subject 
to their mutual gravitational attraction and to no other force, 
given also their positions and velocities at a«y moment; to deter¬ 
mine the orbits which they will follow and their positions at any 
other time. 

Strictly speaking, the conditions of this problem are never 
fulfilled in nature, since every particle is attracted by all others 



Fig* 125* Orbits of Sirius and its Companion 

instead of by a single one; but they are fulfilled approximately 
in the case of each planet and the Sun, since the attraction of 
the latter vastly preponderates over that of the other planets 
and the stars; and probably still more nearly in the cases of 
some double stars. The details of the solution of the problem 
cannot be given here, but some of the important results may be 
mentioned as follows: 

1. The position of the center of mass {page 11S) of the two 
bodies is unaffected by their attraction, and it remains at rest 
or in uniform rectilinear motion. 

2 The two bodies will follow orbits around their common 
center of mass which are similar in form but of size inversely 
proportional to their masses, the more massive body moving 
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in the smaller orbit- The orbit of each body relative to the 
other will be a curve similar to its orbit relative to the center 
of mass, but of a size proportional to the sum of the masses of 
the two bodies. 


Observations of the right ascension and declination of Sirius made with 
meridian circles before 1844 showed that this brightest of stars was moving 

slowly in a little orbit upon the celes¬ 
tial sphere, and the motion was attrib¬ 
uted by Bessel to the attraction of an 
unseen companion. In 1862, during a 
test of the new eighteen-inch objec¬ 
tive of the Dearborn telescope, the 
companion was seen by Clark, and it 
has since been observed in different 
parts of its orbit which it requires fifty- 
two years to circumvolve. Fig. 125 
shows the orbits of the two stars, the 
fainter of which is exceeded about four 
times in mass by the brighter. C is 
the center of mass, and the continuous 
curves are the absolute orbits of the 
two bodies, the smaller ellipse lielong- 
ing to the larger star, J, The orbit of 
the small stir relative to the bright 
one, as determined by micrometer 
measures of distance and position an¬ 
gle, is shown by the dotted ellipse. 

3 . The orbits of the two bodies 
will not necessarily be ellipses, 
but must in every case be one of 
the species of curves known as 
conic sections, of which the el¬ 
lipse is a member; and the cen¬ 
ter of mass will be at the focus 

~ _ _ of the conic. 

Fig, 126. The Conic Sections 

(Prom Young’s Manual of Astronomy) The conic sections arc so called he- 

cruise each may be defined as the inter¬ 
section of a plane with a right circular cone, the different forms resulting 
from different positions of the cutting plane. A right circular cone (Fig. 
126) is defined as the surface generated by a straight line which passes 
always through a fixed point V called the vertex, while one point of the 
line travels around a circle whose center C is at the point of intersection 
of a perpendicular drawn from V to the plane of the circle. This perpen 
dicular, VC, is called the axis of the cone. If this surface is ait by a plane 
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passing at right angles to the axis, as at NM, the curve of intersection is a 
circle of a size depending on the angle of the cone and the distance of the 
anting plane from the vertex. If the plane is gradually inclined from 
this position the curve of intersection becomes an ellipse, as at r E\ and 
the eccentricity of the ellipse increases until the plane makes an angle with the 
axis equal to half the vertical angle of the cone as at DP, when the ellipse 
becomes a parabola. If the cutting plane is still further inclined, as at 
y II II f v\ it aits the cone above the vertex as well as below, and the 
curve becomes a hyperbola. The circle and parabola are thus seen to lie 
limiting cases of the ellipse. Parabolas as well as circles are al o t l same 
shape, though of different sizes; ellipses and hyperbolas have various shapes 
as well as sizes. If the cutting plane passes through the vertex of the cone 
the circle and ellipse each degenerate to a point, while the parabola narrows 
to a line and the hyperbola becomes a pair of crossed lines. . 

The properties of conics were worked out from the above point of view 
by Apollonius of Perga about 230 b,c. In modem analytic geometer the 
curves are treated by means of their equations in rectangular co-ordinates. 
The equation of a conic is always a quadratic. 

The ellipse is a closed curve, returning into itself as does the circle. 1 he 
parabola does not return into itself, but extends to infinity. A body moving 
around the Sun on a paral>ola t as many comets appear to do, makes but 
one visit to the Sun in all eternity. The parabola may be regarded as an 
ellipse with its second focus infinitely removed from the first; the distance 
between its foci is therefore infinite and so is its major axis, and its eccen¬ 
tricity is exactly 1. The hyperbola consists of two infinite branches. The 
second focus is behind the first, and the eccentricity is greater than 1. In 
the case of an attractive force varying inversely as the square of the dis¬ 
tance, the body will move on the branch of the hyperbola that is concave 



Fig. 127, Confocal Comes 


to the center of attraction; if the force were repulsive, it would move on 
the convex branch. The ellipse is the locus of joints the sum of whose dis¬ 
tances from the foci is constant; the hypcrtola is the locus of points the 
difference of whose distances from the foci is constant. In l'ig. 127 are 
shown an ellipse, a paralxda, and a hyperbola which have a common focus 
at 5 . 

Speed in the Relative Orbit— In the solution of the two- 
body problem it is shown that the speed of one of the bodies 
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in its orbit around the other is always the same at a given dis¬ 
tance r, irrespective of the direction of one body from the 
other, and is given by the formula 

V s = k* («i + ms) — i 

V a 

where a is the semi-major axis of the orbit and k a constant. 
For a given pair of bodies, W] and are also constant, and 
we may write 

V 2 = n(s/r~i/a). 

If the orbit be circular, a = r and V 2 = n/r\ if it be parabolic 
0 = 00 and V ° = 2 «/r. The velocity of a body in a parabola at 
a given distance from the Sun is therefore V2 times that of a 
body moving in a circle at the same distance. Meteors are 
observed to enter the Earth’s atmosphere at an average speed 
of about twenty-six miles a second, which is y/2 times eighteen 
miles per second, the orbital speed of the Earth. It is therefore 
inferred that these bodies travel on orbits that are either 
parabolas or very long ellipses. 

Representing the velocity VVn which is called the para¬ 
bolic velocity, by t/, the equation for the velocity in an orbit 
of semi-major axis a becomes 

from which 

a = - - - 

U-- V 2 

Therefore, if a planet were launched in an orbit at a given 
distance r from the Sun, the length of the major axis of the 
orbit would be the greater the greater the speed of projection, 
for an increase in V decreases the denominator and hence 
increases a. If R = U, the orbit is of course parabolic if 
V < U, it is elliptic, and if V > U it is hyperbolic. Fig 
128 shows a number of orbits described by planets projected 
trom the same point in the same direction, but with different 
speeds. If projected in different directions with the same 
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speed, the bodies would move in orbits of the same length but 
of different eccentricities and lines of apsides, as shown in Fig. 


'"projectiles Near the Earth; Escape of Atmospheres.— 

When a ball is tossed into the air, it forms with the Earth a 
two-body system, and, if there 
were no friction, the ball would 
move along an ellipse having 
the center of the Earth as its 
distant focus and the highest 
point to which it is thrown as 
its apogee. Since the ball is 
stopped by the Earth s surface 
after describing only a short arc, 
the orbit is sensibly a parabola. 

If the speed of projection is in¬ 
creased, the major axis of the 


Fig, 128. Orrits of Bodies 
Projected in the Sams Di¬ 
rection with Different Speeds 

orbit is also increased, and the 
ball rises higher. The greatest 
speed yet attained by a projec¬ 
tile from a gun (the German 
“Big Bertha”) is less than a 
mile a second, and the greatest 
height of projection about 

„ twenty-four miles — very small 
Fig. 120. Orbits of Bodies Fro- _ .., „ 

jecteu WITH the Same Speed in in comparison with the dimen- 
Different Directions Tfwt h Tf 




were increased until it equaled the parabolic velocity due to 
the Earth’s attraction, the projectile would move on a parabola 
and depart an infinite distance from the Earth, never to return. 
The parabolic velocity at the surface of a planet is ther efore 
sometimes called the velocity of escape. It is equal to VW P 
where p is the radius of the planet anc? p is to be computed 
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from its mass. The velocities of escape for various bodies of 
the Solar System are given in Table 10.2. 


Table 10.2 

{From Moulton's Celestial Meeb attics, p. 48) 


Body 

Velocity of Escape 

Barth 

u, 180 meters, or 6.95 miles, per see. 
*,396 “ “ 1.49 “ “ “ 

618.300 “ “ 384.30 “ “ “ 

3.196 “ “ 1.99 8 8 8 

10,475 “ 8 6.51 “ 8 “ 

5,180 “ “ 5.22 “ “ « 

6r,iao “ “ 58.04 “ « * 

37 .SSO 8 8 23.53 8 88 

23,160 “ “ 14,40 * « “ 

20,830 8 “ 12.gs “ “ « 

Moon. 

Sun. . . . .. 

Mercury... 

Venus.. 

Mars,.. 

Jupiter.,.. 

Saturn.. 

Uranus... 

Neptune. . t 



We are assured by physicists that any body of gas, such as 
the atmosphere of a planet, consists of molecules which are in 
rapid motion, each molecule moving in a straight line until it 
collides with another molecule or with the wall of the containing 
vessel. The mean velocity of the molecules depends on the 
temperature and pressure of the gas, but that of any individual 
may be indefinitely increased or lessened by collisions with 
others. A molecule near the upper limit of an atmosphere 
may thus attain a velocity exceeding the velocity of escape, and 
it is possible that the absence of an atmosphere on the Moon, 
and on other bodies for which the velocity of escape is small, 
may be explained on this basis. 

Determination of the Mass of a Heavenly Body.—In the 
mathematical treatment of the problem of two bodies, it is 
shown that 

mi + m-> — a 3 / P~, 

where the masses m, and m 2 are expressed in terms of the Sun’s 
mass, the mean distance a in astronomic units, and the period 
P in years. This formula gives at once the combined masses 
of a planet and its satellite, or of the components of a double 
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star, when the period and mean distance have been determined 
by observation. As the planets Mercury and Venus have no 
known satellites, their masses can be determined only by their 
attractions for other planets or for occasional comets that pass 
near them, and are not very accurately known. 

The mass of the Sun is found in terms of that of the Earth- 
Moon system by a simple application of Kepler’s third law as 
modified by Newton; for, if M be the sum of the masses of 
the Earth and Sun, m of those of the Earth and Moon, A and a 
the semi-major axes of the orbits of the Earth and Moon, and 
P and p the lengths of the sidereal year and the sidereal month, 
then 


M : m 


A 8 _ a 3 
pi'-p2 


The Problem of Three Bodies.—The problem of the motion 
of three mutually attracting bodies is just as determinate as 
that of two—that is, a given set of initial conditions leads as 
certainly to a definite result; but the problem is of such 
difficulty and complexity that only in special cases is even the 
most powerful of modem analysis capable of producing formula; 
by which this result can be computed. The simplest two of 
these special cases were solved by Lagrange; in one, the three 
bodies remain always in a rotating straight line; and in the 
other they remain at the vertices of an equilateral triangle. 


If an infinitesimal body were launched with the proper velocity at a point 
about a million miles from the Earth on the side directly opposite the Sun, 
and then not disturl>cd by any outside force, it would remain in that relative 
itosition and, like the Earth, revolve around the Sun in a jicriod of one year. 
The motion, however, would be unstable, and if the Ixxly were disturbed 
ever so slightly- — and it certainly would be disturbed by the attraction of 
the other planets and the Moon — it would depart from the position indefi¬ 
nitely. The dim light known as the Gegenschein (page 24S) may, as sug¬ 
gested by Moulton, be due to sunlight reflected from tiny bodies which, 
moving through interplanetary space, are caught temporarily at the anti- 
solar point by a sort of “dynamic whirlpool” 

The equilateral-triangle solution is stable, and examples are found in the 
motion of certain of the asteroids known as the Trojan group (page 247)- 
Each of these asteroids revolves at the mean distance of Jupiter from the 
Sun and at the same time oscillates slowly about a point equally distant 
f rom the Sun and Jupiter. 
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Perturbations. — The practical problem of calculating the 
positions of bodies in the Solar System is the problem of « 
bodies, and would be entirely unmanageable were it not for 
the fortunate circumstance that one of the bodies, the Sun, so 
far exceeds the others in mass that, in a first approximation 
to the orbit of any one of the planets, the attraction of the 
others may be neglected. This first approximation, which, as 
we have seen, is an ellipse, may then be corrected by com¬ 
puting the effects of the attractions of the other planets at as 
many points of the orbit as desired. The deviations of the 
planets from exact elliptic motion are called perturbations. 

The perturbing effect of a third body upon the relative 
motion of two depends upon the difference of the acceleration 
produced in the two bodies by its attraction — difference in 

_ direction as well as in amount; for, 

/ if the third body moved both the 

f cV 4 *"" 

[ \ others in the same direction and 

\ I at the same rate, it could produce 

\ J no change in their relative position. 

Pic. 130. Perturbations To make this clear, let 5, Pig. 130, 

represent the Sun and P a planet 
revolving around it, and let a third body, say another planet, 
be at P\ P* will attract both S and P, producing in them 
accelerations inversely proportional to the squares of their 
distances. Let the lines PA and S K represent, in magnitude 
and direction, the acceleration produced by P f in P and 5, 
respectively. Both will be directed toward P f , and PA will 
be the greater. The acceleration PA is, by the second law of 
motion, equivalent to two accelerations that may be repre¬ 
sented by the sides of a parallelogram of which PA is the 
diagonal, and we are at liberty to choose the length and direc¬ 
tion of one of these sides. Let it be PP, equal and parallel to 
SK . If PB alone acted on P, it would change the relative 
position of P and S not at all, for the two bodies would then 
be pulled in the same direction and by the same amount; hence, 
the perturbative action of P* upon P is represented by PC f the 
other side of the parallelogram; and this component is what 
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is meant by the difference of the accelerations produced by P* 
in P and S. 

As may be inferred from the above discussion, it is not a 
difficult problem to compute the perturbations produced by a 
third body in a given relative position of the three bodies; 
but, as the bodies move in their orbits, the perturbations con¬ 
tinually change in both direction and amount, and to determine 
accurately the path of P they must be found for every position. 
What is worse, P* is perturbed by the attraction of P so that 
it also departs from an elliptic orbit, and these perturbations of 
p* produce perturbations of the second order in P, and so on 
ad infinitum. Since, however, the perturbations of the planets 
are small because of the small masses and great distances of 
the perturbing bodies, their positions may, over long periods 
of time, be computed as accurately as they can be observed. 



Fig. 


The Regression of the Moon’s Nodes; Precession.—The regression of the 
Moon’s nodes (page 114) is a perturbation of the Moon's motion produced 
by the Sun. It has just been shown 
that the perturbative action of P* on 
the motion of P is directed toward a 
point of the line SP\ and it may tse 
shown that this is the case whatever 
the position of P on its orbit around 
S (cf. page 227 and Fig. 132). In the 
problem we are now considering, S 
is the Earth, P the Moon, and F the Sun, and the perturbative action of 
the Sun is always directed to the plane of the ecliptic. Consider the Moon s 
motion as it approaches the node, as in Fig. 131 at A * If unperturbed, 
it would cross the plane of the ecliptic at N, which would thus be the ascend¬ 
ing node; hut the Sun’s perturbative action causes it to move more nearly 
at right angles to the ecliptic and so to cross at N\ farther west, and the 
node is thus moved backward. After node passage, the action is again 

id after undereoinir a slight 


131. The Regression 
the Moon’s Nodes 


temporary disturbance. 

Precession may similarly be explained by the perturbative action of the 
Moon (and Sun) on the protuberant matter at the Earth's equator. If the 
Earth were a homogeneous sphere there would be no precession. Suppose 
it were such a sphere except for a single mountain at its equator. 1 he per¬ 
turbative action of the Moon upon this mountain would be directed toward 
the plane of the Moon’s orbit, and as the Earth's rotation brought the moun¬ 
tain across this plane the crossing point (the equinox) would be moved back¬ 
ward as in the regression of the Moon’s nodes. Instead of a single mountain, 
the spherical core of the Earth is surrounded by a ring of matter constituting 
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the equatorial bulge, and every particle of this ring is affected in the way 
just described. Since the particles are fastened together to form the rigid 
Earth, this means a processional motion such as was described in Chapter IV. 

Perturbations of the Earth.—The perturbations of a planet 
are conveniently classed as periodic and secular. The former 
set the planet forward or back or sidewise by slight amounts 
and run through their changes in a century or less. The secular 
perturbations are more conveniently regarded as changes in 
the orbit itself, and operate in one direction for thousands or 
millions of years, or indefinitely. The periodic perturbations 
of the Earth never exceed about i' as seen from the Sun—about 
30,000 miles. Its principal secular perturbations are as follows: 

1. The line of apsides is revolving eastward at a rate that 
would, if continued, carry it entirely around in about 108,000 
years; but it will not continue always at the same rate. 

2. The eccentricity of the orbit, which is now 0.016, is 
diminishing and will continue to do so for some 24,000 years, 
when it will be about 0.003 1 then it will increase for some 
40,000 years, but will never exceed about 0,07. 

3. The plane of the orbit is slowly changing its position, 
resulting in a change of the obliquity of the ecliptic. The 
value of the obliquity is now'- 23 0 27', and is diminishing at the 
rate of o"j a year. This decrease will continue about 15,000 
years, after which the obliquity wall increase. It oscillates in 
this manner about i?5 on either side of the mean. 


The perturbations of the Moon, produced principally by the attraction 
of the Sun, are much greater than those of the Earth, and the theory of the 
motion of the Moon forms a whole branch of mathematical Astronomy in 
itself. We have already noted two of the most important of these lunar 
perturbations, the regression of the nodes and the advance of the line of 
apsides. Another famous one is the evection, which was known in the time 
of Hipparchus and is so large that it may set the Moon forward or back 
about a degree and a quarter. This is a periodic perturbation with a period 
of one and one-eighth years, the time required for the Earth to revolve 
from the direction of the Moon’s perigee to the same direction again. 

The most famous of planetary ]perturbations is [perhaps the “long in¬ 
equality” of Jupiter and Saturn. Five of Jupiter’s periods are nearly equal 
to two of Saturn’s, so that these planets are repeatedly brought to their 
nearest approach in nearly the same part of their orbits and their mutual 
perturbations repeated. Since, however, the eommensurability of their 
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periods is not exact, the perturbation is periodic, having a period of about 
(>oo years. 

The Discovery of Neptune.—One of the most dramatic 
events in the history of Astronomy was the discovery of the 
planet Neptune. Uranus was discovered in 1781 and its orbit 
was computed from observations made during the next few 
years; but it refused to follow the orbit computed for it, 
even when the perturbations of all the known planets w'ere 
taken into account. By 1845 the difference between computa¬ 
tion and observation amounted to the “intolerable quantity 
of nearly two minutes of arc—almost enough to perceive with¬ 
out a telescope—and it had by that time long been suspected 
that Uranus w'as perturbed by an unknown planet. Two young 
mathematicians, Adams in England and Leverrier in France, 
undertook the difficult and laborious task of locating the dis¬ 
turber by solving the problem of perturbations inversely. Each 
assumed a distance from the Sun of about 38 astronomic 
units, in accordance with Bode’s law, and this turned out to be 
incorrect; but the orbits calculated by them were sufficiently 
in accordance with the true path of the new’ planet to deter¬ 
mine its direction from the Earth, and that was all that was 
needed to find it in the sky. Adams secured his result first, 
but w r as unable to awaken much interest among English astron¬ 
omers, and Neptune was first recognized in 1846 by Galle, a 
German astronomer to whom Leverrier had communicated his 
result, and who found the planet within half an hour, less than 
a degree from the exact point that Leverrier had indicated. 

The Theory of Relativity.—It is the great triumph of the 
law of gravitation that it explains not only the regularities of 
the motions of the planets, as described by Kepler's laws, but 
also their minute and irregular departures from elliptic motion, 
so that calculation is abundantly confirmed by observation. In 
only one case is an exception to this known, and that is the 
case of the line of apsides of Mercury, which advances at the 
rate of 574” per century, 43“ faster than it should according to 
the law of gravitation and the positions of known planets. On 
this account it was at one time proposed to amend the Newton- 
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ian law by substituting the exponent 2.00000016 for 2; but 
this would introduce perturbations in the other planets for 
which we have no observational evidence, notably in the motion 
of the line of apsides of Venus, 

What many regard as the greatest advance in physical theory 
since Newton is the T heory of Relativity, developed principally 
by the German physicist Einstein in papers published in 1905 
and 1915. The failure of an experiment by Michelson and 
Morley to detect the difference in the velocity of light in 
different directions that was expected to result from the Earth's 
motion through the ether had been attributed to a change in 
the length of their measuring apparatus when placed along or 
across the line of the Earth's motion. The principle of relativ¬ 
ity goes much farther than this, and assumes that mass, length, 
and time are all relative, their value depending on the speed 
with which the observer is moving, but changing very little for 
velocities that are small compared with the velocity of light — 
which even planetary velocities are. Newton’s law is expressed 
in terms of mass, distance, and time (time being included in 
the conception of force), and hence, in the light of the principle 
of relativity, it is ambiguous. Einstein derived a new law of 
gravitation (which cannot be stated in simple terms, but which, 
for the bodies of the Solar System, differs but minutely from 
the Newtonian law), and showed that, if it be true, the orbit 
of a planet at Mercury's distance must revolve 43" per century 
even if unperturbed. 

Most surprising results flow from the theory of relativity. According to 
Einstein, the universe is four-dimensional, its dimensions being length, 
breadth, thickness, and time; and this “space-time” is curved in a fifth dimen¬ 
sion, the curvature being greatest in the neighborhood of bodies of greatest 
mass. Although the human mind cannot picture such a state of affairs, it 
can treat it adequately by mathematical methods, and the theory has. as 
far as it on l>e tested, received striking confirmation. Einstein showed 
that, according to the principle of relativity, a ray of light which passes 
near a l>ody of the mass and dimensions of the Sun should be deviated by 
** 74 - At the total eclipse that %vas visible in Africa and Hrazil in 1910, 
an unusually fine opportunity existed for testing this prediction, for the 
Sun at the time was among the bright stars of the Hyades, so that their 
light had to pass near the Sun to reach the Earth. These stars were 
photographed during the eclipse by Eddington and Da v id son. who later photo¬ 
graphed the same star field with the same instruments when the Sun was 
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in another part of the sky. A comparison of the plates revealed the fact 
that, during the eclipse, the stars were apparently shifted in a direction 
and by an amount to fulfill very nearly Einstein's prediction. This result 
was abundantly confirmed at the Australian eclipse of 19*2 by Campbell. 

The relativity theory is further confirmed by the fine structure of the 
lines in the spectra of the elements, which under very high dispersion are 
found to consist of groups of lines. This is explained by relativists by a 
revolution of the orbits of the electrons within the atom somewhat analo¬ 
gous to the motion of Mercury's line of apsides. Only one other ohserval >lc 
effect of the theory has so far been announced—a slight redward shift m 
the spectral lines of a massive, luminous body like the Sun. Many of the 
Fraunhofer lines certainly ate so shifted, but the Einstein effect is so com¬ 
plicated with effects of pressure, radial velocity, etc., that observers are 
tn iN fbtpf't.ioft. f&ee also naces 310 and u j-) 


Elementary Theory of the Tides*- — The cause of the periodic 
rise and fall of the water of the ocean, known as the tides, 
may be regarded as a case of perturbations due to the action 
of the Moon and the Sun. The connection of the tides with 



line joining the Earth and the Sun. 

In Fig. 132, let the center of the Earth be at C and that 
of the Moon at M, and consider the perturbative action of the 
Moon on drops of water situated at A and h . The tide problem 
can be considered in the same way as the problem of the per¬ 
turbations of a planet, which was treated in Fig. 131. Since 
the lithosphere of the Earth is rigid, 1 it moves as a single body 
and the Moon's effect on it is the same as if its mass were 
concentrated at C\ but each drop of the ocean being free to 
move independently, the drops at A and B may be moved 
relatively to the lithosphere and to the other drops. Let CK 
represent the acceleration produced by the Moon’s attraction 

1 It is not absolutely rigid, and the Moon creates in it minute Earth-tides 
which have been detected and measured by Michelson. 
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in the solid Earth, and let AS and BT be the accelerations 
produced in A and B. Since A is nearer the Moon than is 
C, while B is farther away, AS will be longer than CK and BT 
will be shorter. Resolve AS and BT as was done with the 
planet’s attraction in Fig. 131, taking in each case one side 
of the parallelogram equal and parallel to CK. The other side, 
AR or B Q> will represent the Moon’s perturbing acceleration 
on the drop of water, or what is called the tide-raising accelera¬ 
tion. It is important to note that, since the diagonal of 
the lower parallelogram is shorter than its horizontal side, 
the other side is here directed toward the left—that is, the 
tide-raising force is directed away from the Moon. The tide- 
raising acceleration in different parts of the 
Earth s circumference is shown by the arrows 
“ p ig- 133. by which it is seen that the 
tidal forces of the !\ Toon tend to heap the water 
up in two places on the Earth’s surface situ- 
Fl V™: atcd at opposite ends of a diameter-one 

directly under the Moon and the other on 
the opposite side of the Earth. In fact, the tendency of the 
Moon’s attraction is to deform the spherical Earth into a 
prolate spheroid with its longest axis directed toward the Moon. 



The maximum tide-raising acceleration, which is effective just under the 
Aloon, is the difference of the accelerations produced by the Moon at the 
distances, respectively, of the center and the surface of the Earth, and 
vanes very nearly as the inverse cube of the Moon’s distance. To prove 
this let the Moon s distance from the Earth’s center be D and the radius 
01 the Earth r. Then the two accelerations just mentioned are proportional to 

i/D' ! and _ — and therefore their difference is proportional to ... 1 - _ 


& ° r to 


{D-rT' 

IP - (D - r¥ 
IP (D - ' 


This last expression is equal to 


2 Dr - 


{D-r)* 


V or, since 


n*(D- r y 

r is small compared with D, nearly to ^ or to SSSgS* Since the Moon 


IP 


is some 400 times nearer to us than is the Sun, its tide-raising force is 400= 
or 64,000,000, times as great as the tide-raising force of an equal mass of 
bun ; ar y> as t]lc: Sim is only about 27,000,000 times as massive as the 
Moon the latter has about 64/27, or more than twice, the tide-raising effect 
tJle . , rmef 1 Tlle Moon’s tide-raising acceleration at the point where the 
Moon is in the zenith is about 1/8,500.000 of g. tlie acceleration due to gravity 
When the Moon is m syzygy, its tidal bulges arc added to those of the 
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Sun, and we have spring tides; when it k at quadrature, the solar tides occur 
between the lunar ones, resulting in a smaller difference between high and 
low water (neap tide). 

Suppose that the Earth consisted of a spherical, rigid 
lithosphere entirely covered by a frictionless fluid, each particle 
of which yielded immediately to the tide-raising force of the 
Moon. This covering would take the form of a prolate spheroid, 
the longest axis cf which would pass always through the Moon's 
center as suggested above. Let the lithosphere rotate every 
twenty-four hours about an axis as in Fig, 134. A point O on 
its surface will be brought successively under the two tidal 
bulges and so will experience high water twice in each interval 



Fig. 134 . The Semi-Diuhkal Tide 


between upper culminations of the Moon—that is, one in every 
i2 h 2 5 m . In general, the heights of the two daily tides will 
be unequal, but twice a month, when the Moon is in the plane 
of the equator, this diurnal inequality will vanish. 

In the actual case, the water of the ocean is not frictionless, 
and so the tidal bulge is partly carried forward by the Earth's 
rotation. Moreover, when a protuberance is once formed it 
has a tendency to travel as a wave with a velocity which 
depends upon the depth, and the progress of the tidal wave 
around the Earth is vastly complicated by the varying depth 
of the sea, the presence of continents and islands, and the 
irregularity of coast lines. While in most localities the two 
daily tides and their diurnal inequality are recognizable, as 
are also the spring and neap tides, the actual prediction of the 
time and height of high water cannot be made from astronomic 
data alone, but depends also upon local observations of the 
tides. 

Effect of the Tides on the Rotation of the Earth and of the 
Moon,—The friction of the tides, slight though it is in com- 
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parison with the momentum of the Earth, must act as a brake 
upon the Earth’s rotation, and, continuing through millions of 
years, must inevitably tend to lengthen the day. 

This tendency is reinforced by the slow deposit of meteoric matter upon 
the Earth, and opposed by the shrinkage of the Earth due to the radiation 
of its internal lieat; but both these effects are very slight indeed. A com¬ 
parison of the recorded times of ancient eclipses with their times computed 
from modem observations of the motions of the Earth and Moon indicate 
that the day actually is lengthening at a rate of about one second in 7.000.000 
years. It is believed that most of this change is due to the friction of the 
tides in shallow seas such as Bering Sea, the friction in mid-ocean being 
practically negligible. 

Unless the Moon is perfectly rigid, the Earth must create 
tidal bulges upon it, and the tide-raising effect of the Earth 
must be greater than that of the Moon because of the Earth’s 
greater mass. If in the past the Moon was in a liquid condi¬ 
tion, and rotated more rapidly than it revolved, the friction 
of the Earth’s tides upon it must have tended to lengthen its 
rotation period, and this tendency must have persisted until 
the Moon presented always the same face to the Earth as it 
does now. It is, in fact, believed that the Moon is slightly 
prolate, the tidal protuberances having become solid and per¬ 
manent, and that a minute physical libration which has been 
observed is due to the oscillation of its longest axis about the 
line of centers of the Earth and Moon. 

Effect of the Tides on the Revolution of the Moon. — The 
tides raised upon the Earth must affect not only the rotation 
of the Earth, but also the revolution of the Moon, Consider 
135. in which the lithosphere of the Earth is represented 
as a sphere rotating within a hydrosphere which completely 
covers it, its equator and also the center of the Moon being in 
the plane of the paper. The tidal friction of the Moon creates 
bulges in the hydrosphere which are carried forward by the 
Earth’s rotation. As soon as their deepest points are no longer 
in the line of centers of the Earth and Moon, a component of 
the Moon’s attraction will pull back upon them toward that 
line, as may be shown by the reasoning that was applied to 
Figs. 131 and 132. This force will resist the tendency of 
the Earth’s rotation to carry the bulges forward, and they will 
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therefore be carried only to certain points A and B, where they 
will be in equilibrium between the frictional forward pull of 
the Earth and the gravitational backward pull of the 
Moon; and they will remain just so far in advance of the 
Moon'while the body of the Earth turns under them and, as 
pointed out in the last section, their friction acts as a brake 
on the Earth’s rotation. (This does not mean that the separate 
particles of water would remain stationary with respect to the 
Moon; each drop would be carried along by the Earth’s 
rotation, but would rise gently to the crest of a, wave at A and 
at B and would sink to a trough at the points midway between.) 

The protuberance whose sum¬ 
mit is at A will attract the 
Moon approximately along the 
line MA and more strongly, 
mass for mass, than does the 
lithosphere which is centered at 
E-, while the other bulge will 
attract the Moon along MB, 

more feebly than does the lithosphere. But the attraction at 
A pulls forward on the Moon, and makes a greater angle with 
the line of centers than does the weaker attraction of B, which 
pulls backward; hence, the net effect is to hasten the Moon 
in its eastward orbital motion. Paradoxical as it may seem, 
this docs not shorten the month, but lengthens it; for it 
increases the centrifugal force due to the Moon’s orbital 
motion, causing the Moon to move farther from the Earth 
and actually to move more slowly in a larger orbit. 

Evolution of the Earth-Moon System. At present, the 
change in the Moon’s revolution, like that in the Earth s 
rotation, must proceed with extreme slowness; but in the 
remote past, when the Moon was nearer the Earth, the tidal 
action must have been much greater than now, since the tide- 
raising force varies inversely as the cube of the distance; and 
the tides must have been especially potent when both bodies 
were plastic throughout, as they are believed once to have 
been. Upon this line of thought is based the famous theory of 
tidal evolution, which was first elaborated by the English 
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mathematician Sir George Darwin late in the nineteenth 
century. 

According to this theory, the Earth and Moon evolved from 
a single liquid body which rotated on its axis in a little less 
than five hours. Owing to its rapid rotation, this body was 
very oblate, and the motion of its particles was continually 
disturbed by tides raised upon it by the Sun, which of course 
had half this period. Darwin showed that, granted certain 
reasonable assumptions, the free period of vibration of this 
bod}- must have been the same as that of the tides, in which 
case a vibration of very large amplitude must have been set 
up, and, according to the theory, this vibration caused a 
portion of the body to be separated from the remainder. 
Probably the smaller portion was not originally all in one 
piece, but for some unknown reason it became consolidated 
into a single body; we know this body as the Moon, while the 
remainder of the original spheroid is the Earth. The two bodies 
then had the form of prolate spheroids with their long axes in 
the same line, and this line was rotating in a period of five 
hours. But this condition was unstable and the disturbance 
of the solar tide caused the Moon to fall back a little, where¬ 
upon the friction of their enormous mutual tides came into 
play, and their periods, both of rotation and of revolution, 
were lengthened, the latter the faster. This process, at first 
rapid, has continued with diminishing speed until the present, 
when the Earth’s rotation period has reached twenty-four 
hours, while both the rotation and revolution of the Moon 
are twenty-seven times as slow. 

According to Darwin, the lengthening of the month was 
more rapid than that of the day until the former attained a 
length of about twenty-nine days, when the day came to be 
lengthened faster than the month; and the process will con¬ 
tinue (unless the oceans freeze and the whole Earth becomes 
rigid) until both the day and the month have a length of 
about fifty-five of our present days. The Earth will then turn 
always the same face to the Moon as the Moon now does to 
the Earth. 


Plate ii.i 



Photographs of Venus in Different Phases, showing relative 
sizes of the I )isk. E. Klipher, Lowell Observatory 
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Spectrogram of Jupiter, showing inclination of lines due to the planet s rotation. 
By V. M. SHphcr, Lowell Observatory 





















CHAPTER XI 


THE PLANETS 

Mercury and Venus.— The principal numerical facts con¬ 
cerning the two planets whose orbits lie within that of the 
Earth are given in Table n.i: 


Table ii.i 



Mercury 

Venus 

Mean distance from Sun 

0.39 astron, unit 

0.72 astron. unit 

Intensity of solar radia¬ 
tion received. 

6.7 

i.g 

Orbital velocity. 

23 to 36 mi,/sec. 

22 mi. /sec. 

Eccentricity of orbit.... 

0.20 

0.007 

Inclination of orbit..... 

7 ?o 

3-4 

Sidereal period .. 

8$ days 

225 days 

Mean synodic period — 

n6 days 

584 days 

Diameter..... 

5" to 13" « 3*000 miles 

11" to 67" = 7^575 stiles 

Greatest elongation. 

rS° to 28° 

47 ° 

Distance frqm Earth in 
miles.. 

57,000,000 to 129,000,000 

26.OOO.OOO to l 6o,OOOjOOO 

Mass (Earth's mass « 1) 

0.05 

0,82 

Density (water = i) . ,,. 

4*5 

4.8 

Surface gravity. 

0.31E 

0.8 sg 

Albedo. ........ 4.. 

0.06 

0.60 


Mercury, of all the planets, is nearest the Sun, and so it has 
the swiftest motion and receives the greatest intensity of 
radiation. With the exception of some of the asteroids, 
Mercury has the most highly inclined and most eccentric 
orbit and the least diameter and mass, Venus has the most 
nearly circular orbit and a diameter most like that of the Earth, 
only about 400 miles smaller. 
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At his brightest, Mercury appears to the unaided eye as a 
star nearly as bright as Sirius, but so near the Sun that it is 
never in the unilluminated part of the sky and so is never 
conspicuous. Venus is very much brighter and can be easily 
seen at midday if the sky is very dear; and, besides, attains 
so great an elongation that she is at times visible, from points 
in the United States, more than three hours after sunset or 
before sunrise. Of all the planets (one or two asteroids 
excepted) Venus approaches nearest to the Earth, and with 
the exception of the Sun and Moon and very rare comets she 
appears the brightest of all the heavenly bodies. 

Telescopic observation of these planets is best carried on in 
the daytime because at night, when visible at all, they are at 
too low an altitude for good seeing. They reveal very little 
surface detail; each presents a nearly uniformly illuminated 
disk, and the few markings that have been reported are vague 
and exceedingly difficult of detection. The surface of Venus is 
intensely white, contrasting beautifully with the blue of the 
sky. That of Mercury is, as would be inferred from its low 
albedo, much duller. 

The most striking feature of the telescopic appearance of 
either Venus or Mercury is its change of phase and of apparent 
diameter as the planet changes position with respect to the 
Earth and the Sun. The change of apparent diameter is 
especially noticeable in Venus (Plate ii.i), her maximum diam¬ 
eter being about six times the minimum. Venus's greatest 
brilliancy occurs at thirty-six days before and after inferior 
conjunction, when about one-fourth of her earthward hemi¬ 
sphere is illuminated. 

The Atmosphere of Venus.—That Venus has a fairly dense 
atmosphere is certain, for it is plainly visible when the planet 
is near inferior conjunction, between the Earth and the Sun. 
The illuminated disk then appears as a very thin crescent 
which is extended beyond the ends of a diameter by thin 
bright arcs. When the apparent distance of the planet from 
the Sun is about two degrees or less, these arcs are prolonged 
until they meet and form a complete ring of light; an appear- 


THE PLANETS 235 

ance due to sunlight illuminating the planet’s atmosphere from 

behind. . 

It would be reasonable to suppose that the light of \ enus, 
being reflected sunlight, must have passed twice through her 
atmosphere before reaching the Earth. Since the oxygen and 
water-vapor of the Earth’s atmosphere produce absorption 
bands in the spectra of celestial bodies (page 150), it is to be 
expected that the atmosphere of Venus would have a similar 
effect and that these bands would be more intense in the spec¬ 
trum of Venus than in that, for example, of the airless Moon. 
No such effect has been observed, however, although looked for 
assiduously at the Lowell and Mount Wilson observatories, 
and we must infer either that Venus’s atmosphere is lacking m 
water-vapor and oxygen or else that these gases He wholly in 
the lower layers to which the sunlight docs not directly pene- 

tTEltrC. 

It is probable that the visible surface of Venus consists of 
a dense layer of white clouds which prevent our seeing the 
solid surface, and which also, probably, prevent direct sun¬ 
light from reaching that surface. It is not impossible to 
imagine that Venus is inhabited by beings who, because of 
this impenetrable mantle of clouds, are ignorant of the 
existence of the Sun and of all other bodies exterior to their 
own planet. 

No evidence of any atmosphere on Mercury has ever been 
found, and it is believed that this planet, like the Moon, is 
without air. 

Evidence on the Rotation of Venus and Mercury.—Until 

1880 the impression prevailed very generally among astron¬ 
omers that both Venus and Mercury rotated in about twenty- 
four hours. This impression was based upon the apparent 
motion of markings which various observers had detected or 
thought they had detected, mostly with very small telescopes in 
unfavorable climates and when the planets were at low altitudes. 
In 1S80 Schiaparelli, observing in the daytime under favorable 
conditions in Italy, found for each of these planets a rotation 
period identical with its revolution period, indicating that, 
except for the effect of librations (page 122), it keeps always 
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the same face toward the Sun just as the Moon keeps the same 
face towards the Earth. Schiaparelli’s results were confirmed 
by a number of observers, especially Lowell, but are disputed by 
others. The markings on both planets are too indefinite to 
permit a reliable value of the period to be obtained by direct 
observation. 

When the image of a rapidly rotating planet is formed so 
that its equator falls on the slit of a spectrograph, one end of 
the slit is illuminated by that part of the planet which is 
approaching the Earth and the other end by the part which 
is receding. Therefore, according to the Doppler-Fizeau 
principle (page 160), one end of each line of the spectrum is 
displaced toward the violet, and the other end toward the red, 
so that the lines are inclined. This effect is very marked in 
the case of Jupiter {Plate ii.i) and is noticeable in the case 
of Mars, whose period is slightly more than twenty-four hours. 
Careful observations of the spectrum of Venus by V. M. 
Slipher at the Ixwell Observatory, which have been amply 
confirmed by St. John and Nicholson at Mount Wilson, dis¬ 
close no inclination of the lines whatever, and make it certain 
that the rotation period is at least several days. So long a 
period as Schiaparelli’s 225 days could not be detected by 
this method. Spectrographic evidence on the rotation of 
Mercury has not been obtained, and the small disk of this 
planet and its proximity to the Sun would make the securing 
of such evidence very difficult. 

Nicholson and Pettit have made measurements with the 
thermopile (page 288) which show that the dark side of 
either Venus or Mercury, which would surely be perfectly cold 
if the same locality were turned always away from the Sun, 
radiates a perceptible amount of heat, thus proving pretty 
conclusively that the rotation period does not equal exactly 
the revolution period. 

To sum up the results of observation, it may be said that Venus’s rotation 
period is certainly longer than five days and that Mercury’s also is prob¬ 
ably at least several days; but that neither can coincide exactly with the 
revolution period. 
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Transits of Venus and Mercury. —On rare occasions, one of 
these planets passes directly between the Earth and the Sur 
and appears as a black dot upon the photosphere. Such a:, 
occurrence is called a transit. The conditions necessary for a 
transit are analogous to those for an eclipse of the Sun: the 
planet must be at inferior conjunction (corresponding to new 
Moon) and must be near the node; that is, both the planet 
and the Earth must be nearly on the planet’s line of nodes 
and on the same side of the Sun. 

Transits of Mercury can occur only in May and November, 
when the Earth crosses Mercury’s line of nodes; those of 
Venus occur only in June and December. The relations of 
the year and the synodic period of Mercury arc such that 
transits at a given node occur usually at intervals of thirteen 
or sometimes of seven years, with transits at the other nude 
between. The November transits are much more frequent than 
the May transits because Mercury's perihelion is nearly in 
the direction of the November node and its orbit is so eccentric 
that its perihelion distance is only about two-thirds its aphelion 
distance. 

Transits of Venus at a given node occur either in pairs 
eight years apart or singly; the interval between single 
transits or the midway dates of pairs is 243 years; and transits 
occur at the other node about halfway between. 

The first authentically observed transit was one of Venus, which occurred 
in ,6io It was predicted by Jeremiah Horrocks, a young English clergy¬ 
man and as it occurred on a Sunday his ministerial duties prevented him 
from seeing the beginning of the transit; but his friend Crabtree, whom he 
had informed of the impending phenomenon, witnessed the entrance of the 
planet on the solar disk, and Ixrth young amateurs saw rt before the end. 
It was seen by no other observers. Four later transits of Venus have been 
observed, the last one in 1882; but the next will not occur until the year 2004. 

Transits of Mercury will occur during the second quarter of the twen¬ 
tieth century on November 8, 1927, May to, 1937, and November 12, 1940. 

From observations of the times of beginning and ending of a transit ot 
Venus, made at two widely separated stations on the Earth, it is possible 
to determine tire parallax of the Sun, and the transits of the nineteenth 
century were very thoroughly observed for this purpose; but other methods 
of determining the solar parallax have proved more accurate. Iransits ol 
either planet are of value for determining the planet’s position on its orbit 
at a known time and thus for improving the accuracy of the orbital elements. 
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Facts Concerning Mars. — 

Table 11.2 


Mean distance from Sun,.... 

Intensity of solar radiation received.,... 

Orbital velocity...,.„. 

Eccentricity of orbit—*... 

Inclination of orbit to ecliptic,... 

Sidereal period. ....... 

Mean synodic period. ....... . ... . 

Distance from Earth in miles. 

Mean altedo,...... 

Mass, Earth = j..*. ............ 

Diameter..,... 

Density, water = 1.,. .......... 

Surface gravity.,,.. 

Rotation period.. 

Inclination of plane of equator to plane of orbit 


. .1.52 astronomic units 

.- 0.43 

,,, 15 miles per second 

. . ,0.09 

.. i ?»5 

. t, 88 years 

.2,14 years 

35*000,000 to 247,000,000 

.. o-xs 

........ ,0.106 

4,215 miles = 3 f ' '6 to 24 1 '5 

-..,.3.92 

- 0.3 8g 

. . 24 h 37 m 22 ?5$ 

- -- 23^5 


Mars is notable among the planets and stars for its red color, 
it is inconspicuous during the greater part of its synodic period 



Pig. 136. The Orbits of Mars and the Earth 


and invisible for several months near conjunction, when it is 
beyond the Sun; but at opposition, when it is relatively near 
the Earth and is above the horizon all night, rising at sunset 
and reaching its greatest altitude at midnight, it is very 
bright and conspicuous. The relation of its orbit to that of 
the Earth is shown in Fig, 136. Owing to its rather high 
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eccentricity, its distance from the Sun varies by about 26,000,- 
000 miles from perihelion to aphelion. The longitude of its 
perihelion is 333°. which is the heliocentric longitude of the 
Earth about August 25; hence, when opposition occurs on this 
date the two planets are at their least possible distance, about 
35,000,000 miles. At the next opposition, which occurs in 
October or early November two and one-seventh years later, 
the distance is about 43,000,000 miles; and opposition then 
continues to occur at greater distances for about seven and 
one-half years, when it takes place in February with Mars a 
aphelion, more than 61,000,000 miles from the Earth. Alter 
this the opposition distance decreases for seven and one-halt 
years more, when it is again a minimum. The last August 
opposition occurred in 1924. 

Rotation and Seasons of Mars.—The first known telescopic 
drawing of Mars, which was made by Huyghens m 1659, shows 
the dark marking which is now called the Syrtis Major (see 
map, Plate 11.2). It soon became evident that this and many 
other markings were of a permanent nature and that they were 
being carried around by the planet’s axial rotation in the direc¬ 
tion of the rotation of the Earth and of the Sun. In 1666 
Cassini determined the rotation period as forty minutes longer 
than that of the Earth. The long interval over which obser¬ 
vations of the markings have now been made, and espccia y 
the definite and permanent character of the markings them- 
selves, have made it possible to determine Mars’s rotation 
period more exactly than that of any other planet. 1 he period 
given in the table above is that determined by Lowell. 

The north pole of rotation of Mars is in a = 21 1 ' io m , S - 
+ 54“- 5 . close to the bright star Deneb (« Cygni) which is 
therefore the Martian Polaris. The inclination of the planes of 
Mars’s equator and orbit is almost exactly the same as the 
obliquity of the ecliptic, which is the corresponding angle m 
the case of the Earth; and hence the Martian climatic zones 
are similar to those of the Earth, but the Martian seasons are 
nearly twice as long as the terrestrial and must be less pro¬ 
nounced because of the diminished intensity of the Sun s 
rays. Moreover, the greater eccentricity of Mars s orbit must 



























£40 


ASTRONOMY 


result in a greater difference between the seasons of the 
two hemispheres; those of the southern hemisphere are the 
more extreme since Mars passes perihelion in the southern 
summer. 

Telescopic Appearance of Mars,—Since its orbit lies outside 
that of the Earth, Mars cannot present to us the crescent 
phase, but at quadrature it is distinctly gibbous and at con¬ 
junction and opposition it is full. Because it is full at opposi¬ 
tion, when nearest the Earth, it is a more favorable object for 
study than Venus, whose dark side is turned toward us at infer¬ 
ior conjunction, the occasion of her nearest approach. Although 
Mars certainly possesses an atmosphere, it is probably of 
low density as compared with our air and is never filled with 
clouds; and so, when the planet is favorably placed, its surface 
is plainly visible and is seen to be covered with fine detail. 

About three-fifths of the surface is of a reddish-ocher color 
and upon this are darker regions of permanent form which, 
seen under the best conditions of instrument and atmosphere, 
appear dark green. Around the poles are areas of pure white 
which are known as the polar caps. Usually only one is visible, 
the other pole being turned away from the Earth. The reddish 
areas were called "continents' 1 by the early observers of Mars, 
and the dark areas "seas" or "lakes"; but it is now certain 
that the "seas" are not water and that there is in fact but little 
water on the planet. 

In 1877 Schiaparelli of Milan discovered in the "continents" 
a network of exceedingly fine lines which he called canalL This 
word was translated "canals,*' and as the Canals of Mars they 
have ever since been known. Their reality was at first uni¬ 
versally doubted, as they were so difficult that they were not 
seen by other observers. In 1888, however, they were detected 
by Perrotin at Nice and later by many others, although a few 
good observers, as Barnard and Antoniadi, have been able to 
see them only as broad, indefinite shadings or as interrupted 
lines. In 1892 W. H. Pickering at Arequipa, and in 1894 
Lowell and Douglass at Flagstaff, found that the canals were 
present in the "seas" as well as the continents, thus showing 
that the former are not bodies of water. 


Plate 11,3. Mars 



Drawings by Percival Lowell, 1916 
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Photographs by E. C. Slipher, showing seasonal change in south polar cap 
*Vnd southern dark areas from Martian date May IQ to July 19 



Spectrograms of Mars and the Moon by V. M. SKpher, 1908, January 13 


















Plate i e.4. Photographs of Jupiter 



By F. G. Pease with Hooker Telescope, Mt. Wilson, 1921 March 15 
Shows Ganymede and its Shadow 



By E. C. Slipher with 24-inch Lowell Refractor. 

Upper, 1920 March 7. Lower, 1920 Right, 1915 October 19. Note Great Red 

March 19. Note change in Spot Hollow 

belt above equator 
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The most complete study of Mars and its canals is probably that carried 
on at the Lowell Observatory, which was founded in 1894 by Pereival Lowell 
of Boston for tiie express purpose of studying the planets and their satel¬ 
lites, particularly Mars, It is situated at Flagstaff, Arizona, in an excep¬ 
tionally line climate for astronomical observing, and at an altitude of 7,000 
feet. Lowell observed Mars assiduously at every opposition from the time 
of the founding of his observatory until his death in 1916, and his work has 
been supplemented by that of other members of his staff, past and present, 
particularly Douglass, W. H. Pickering, and E. C. Slipher. The canals of 
Mars were first photographed in 1905 by Lampland, using the twenty-four- 
inch Lowell refractor. But photographs have failed to show all the fine 
details of the best drawings and are useful chiefly in confirmation of the 
latter. In recent years, observations of Mars have been carried on system¬ 
atically by W. H. Pickering at Mandcville, Jamaica, using an eleven-inch 
refractor. Since 1907. M. Jarry Desloges has maintained observatories in 
France and Algeria which have been devoted entirely to the study of plane- 
tary surfaces. . 

Although, if perfect seeing could be secured, the power of a telescope tor 
showing fine detail on a planet would t>e proportional to its aperture, such 
seeing is never actually known \ and it is found that* in such conditions as 
really exist, a moderate-sized telescope is often better for the purpose than 
a large one, si ne'e the larger light-beam must traverse a greater area of dis¬ 
turbance in the terrestrial atmosphere. It is the practice of most observers 
who use large telescopes for observing the planets to slop down the aper¬ 
tures except when the seeing is at its best. 

The nomenclature most commonly used for the featurps of 
Mars is that founded by Schiaparelli, in which the names are 
taken from ancient or mythological geography. The surface 
of the planet is laid off by meridians and parallels, the origin 
of longitudes being the Fastigium Aryn between the branches 
of the forked Sabaeus Sinus, The most prominent markings 
are perhaps the Solis Lacus, the dark “eye” of Mars in longi¬ 
tude 90°, latitude 30° south; and the Syrtis Major and 
Margaritifer Sinus, dark horn-shaped markings which extend 
from the southern hemisphere to middle latitudes in the north¬ 
ern. The most easily detected canal is usually the NilosyrtiSj 
which forms a sort of tail to the Syrtis Major. Maps of Mars 
are ordinarily printed with south at the top, since the planet is 
most frequently observed with inverting telescopes (Plate 11.2). 

Changes in the Features of Mars. Each of the white polar 
caps changes very markedly, increasing in size when turned 
away from the Sun and shrinking as it is turned sunward — a 
behavior first noted by Sir William llcrsehel, who attributed 
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the caps to snow which formed in winter and melted in summer. 
The southern cap, which is turned sunward when the planet is 
near perihelion, disappears completely, but the northern one 
has not been observed to do so. 

Careful, systematic observation discloses seasonal change 
also in other parts of the planet. From the great quantity of 
observations that have been made during the last half-century 
it has become apparent that, in general, the change is as 
follows: Just after the Martian solstice, when the sunward 
polar cap has grown small, the hue of the dark areas in its 
vicinity begins to deepen. The deepening spreads slowly 
toward the equator, pervading both "seas” and canals, and 
finally crosses the equator and may be detected in the low 
latitudes of the opposite -hemisphere. Then, as the planet 
moves around its orbit and approaches the other solstice, the 
dark areas of the hemisphere which is turning away from the 
Sun begin to fade, first near the pole and later in lower lati¬ 
tudes. These changes are very suggestive of the vernal 
quickening and autumnal fading of vegetation. 

On occasions at almost every opposition, bright spots appear 
at various points of the planet’s surface, move across it with 
speeds large enough to be detected in a few hours’ observation, 
and disappear after a few days. Some of these are white and 
resemble clouds, while others are yellowish and may be dust 
storms. Sometimes when Mars is in the gibbous phase one of 
these clouds is seen in projection beyond the terminator, like 
a high peak on the Moon (Fig. 88), showing that it lies high 
above the general surface. 

Frequently, large white areas appear at the eastern or sunrise 
limb, dwindle rapidly, and disappear before reaching the 
middle, or noon point, of the disk. Their behavior is very 
suggestive of hoar-frost which, having formed during the Mar¬ 
tian night, melts when carried by the planet's rotation into the 
morning sunlight. 

Climatic Conditions on Mars.—The existence of an atmos¬ 
phere on Mars is proved beyond a doubt by the occasional 
presence of floating clouds and the melting and re-forming of 
the polar caps. That it is much rarer than the Earth’s air 
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is almost equally certain because of the low surface gravity of 
Mars and the clearness with which the solid surface is seen. 
The appearance and behavior of the polar caps suggests 
strongly that they are frozen water, but the absence of oceans 
indicates that the total quantity of water on the planet is 
small. 

The presence of water-vapor and of oxygen in the planet’s atmosphere 
has been detected spectroscopically, but the observation is rendered difficult 
by the fact that these substances exist in our own air and produce bands 
which tend to mask those produced by the planet. The inquiry has l«en 
conducted in two different ways: (i) By comparing spectrograms of Mars 
and the Moon, taken at equal altitudes so that their light passes through 
equal depths of the Earth’s atmosphere; since the Moon is airless, any water 
or oxygen on Mars must produce a relative strengthening of the bands which 
may l» perceptible, (s) By taking advantage of the Doppler-Fizeau effect 
(page 160), which, when the radial velocity of Mars is considerable, should 
displace the bands of the planet’s spectrum, separating them from the tel¬ 
luric bands or at least producing a widening of the composite band. 

Spectrograms of Mars and the Moon (Plate 11.3), secured 
by V. M. Slipher at Flagstaff in 1908 on nights when the air 
above his telescope was very dry, show a distinct intensifica¬ 
tion of the “a” band in the spectrum of Mars, thus indicating 
the presence of water-vapor in the planet’s atmosphere. 
Adams and St. John, applying the Doppler-Fizeau principle 
in 1923, found that the quantity of water-vapor in Mars’s 
atmosphere, area for area, was 6 per cent, and the quantity of 
oxygen 16 per cent, of that over Mount Wilson. This indicates, 
for the date of their observation, extreme desert conditions on 
Mars and an atmosphere less dense than that at the tops of the 
highest terrestrial mountains. 

As the intensity of solar radiation at the distance of Mars is 
only four-ninths that received by the Earth, it is to be expected 
that the temperature of the planet would be low, and this has 
been considered a serious drawback to the belief that the polar 
caps and other white areas which melt are frozen water. 
However, ice and snow evaporate at temperatures far below 
zero when the air above them is very' dry, as the Martian 
atmosphere appears to be. 

Direct evidence in regard to the temperature of the planet’s 
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surface was obtained in 1924 when measures of its radiation 
were made with the thermocouple (page 2 88) at Flagstaff by 
Lampland and Coblentz, and at Mount Wilson by Pettit and 
Nicholson. At both observatories it was found that the 
temperature rose several degrees above the Centigrade zero near 
the center of the illuminated disk, but was usually low near 
the limb. At Flagstaff it was found that the temperature, 
of the south polar cap was — ioo° C. about two months before 
the southern summer solstice, and that it gradually increased 
to about o° C. a few days after the solstice; and that the tem¬ 
perature of the east limb (where the surface had just emerged 
from darkness into morning sunlight) was as low as —85° C., 
giving evidence of an enormous diurnal fluctuation. It 
appeared also that the bright areas were at a lower tempera¬ 
ture than the dark areas. 

Mars as the Abode of Life. — Life as we know it on the Earth, 
both animal and vegetable, depends on a number of special 
conditions, among which are a favorable temperature and a 
supply of water and, for animals, of oxygen. Oxygen and 
water appear to be very scarce on Mars, and the temperature 
far from salubrious; yet the seasonal changes of the dark areas 
are best interpreted as due to vegetation, and where vegetation 
flourishes, at least on the Earth, animal life is likely to exist 
also. 

The great protagonist of the theory of the habitability of 
Mars was Lowell. He believed the rcddish-ocher areas which 
compose most of the planet's surface to be deserts and the 
“seas” to be wooded or grass-covered plains. He pointed out 
that the canals intersect one another at large angles, often 
three or more crossing at the same point, quite differently 
from rivers; that to be seen at all they must be at least several 
miles wide; and, in particular, that they are of too straight 
and geometric a character (though their straightness is dis¬ 
puted by some observers) to be natural lines such as rivers or 
cracks. He therefore interpreted them as strips of vegetation 
along the sides of artificial lines of irrigation which have been 
built by intelligent beings in order to make the best use of 
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the limited supply of water. He explained the wave of deep¬ 
ening color which sweeps from pole to equator in the Martian 
summer by the quickening of vegetation in the dark areas and 
along the canals by water from the melting polar cap. 

Lowell’s theory accounts for all the observed facts and 
encounters no really insurmountable obstacles, but there are 
yet few astronomers who regard it as proved; while there 
are many who do not agree with Lowell in his statement, 
"That Mars is inhabited by beings of some sort or other we 
may consider as certain as it is uncertain what those beings 
may be.” J 

Deimos and Phobos.—Mars has two tiny satellites, each 
probably less than twenty miles in diameter, which were dis¬ 
covered by Asaph Hall at Washington in 1877. They revolve 
in circular orbits in the plane of the planet's equator. The 
nearer one, Phobos, is only 5,800 miles from the center of the 
planet and therefore less than 4,000 miles from its surface. 
Although, like the Moon, it revolves in the direction of its 
planet’s rotation, its period is only 7 h 40™, about a quarter of 
Mars’s day, and so it moves faster than the surface and, to a 
Martian observer, must rise in the west and set in the east. 
The other satellite, Deimos, revolves at a distance of 14,600 
miles in a period of 30 1 ' i8 m , which is so little greater than the 
Martian day that the satellite remains above the horizon more 
than sixty hours or two of its months, so that it must go twice 
through all its changes of phase between rising and setting. 

The Asteroids.—Between the orbits of Mars and Jupiter 
revolve more than a thousand bodies known as asteroids, 
planetoids, or minor planets. Most of them are tiny telescopic 
specks which can be distinguished from faint stars by their 
motion only. The four which were first discovered, and 
which are among the largest and brightest, show perceptible 
disks when nearest the Earth, and their diameters were meas¬ 
ured by Barnard at the Yerkcs Observatory. His results and 
the albedos computed from them by Russell are contained in 
Table 11.3. 

1 Perdval Lowell, Mars and Its Canals, p. 376- 
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Table 11.3. The Largest Asteroids 


Name 

Diameter 

Albedo 

Ceres. ...... 

488 miles 

o.oG 

Pallas.*. 

304 a 

0.07 

Vesta..*... 

248 “ 

0.26 

Juno...... 

11 S “ 

0.12 

1 




Vesta, although not the largest, is the brightest asteroid, and 
when nearest the Earth is sometimes visible to the naked eye* 
Most of the others are probably less than fifty miles in diam¬ 
eter* According to Crommelin, the combined volume of 
all the asteroids known is less than one-twentieth that of the 
Moon. 

Discovery of the Asteroids*—About the end of the eighteenth century, 
after the discovery of Uranus (page 256}, whose distance fitted nicely into 
Bode’s law (page ig6), it was suspected that an undiscovered planet revolved 
in the space corresponding to the fifth term of Bode’s series and a number 
of astronomers planned to search for it. On the first of January, 1801, 
Piazza who was observing on the island of Sicily and was not one of the 
organized searchers* found a little planet which he named Ceres* After 
observing it a short time. Piazzi became ill, and lx?fore he recovered or the 
news of his discovery had reached other astronomers the Earth had moved 
so far in its orbit as to leave Ceres in a position unfavorable for rediscovery* 
The elements of the orbit of the little planet were unknown and there was 
great danger that it could never be identified among the multitude of stars; 
but the Gentian mathematician Gauss* then twenty-four years old. discov¬ 
ered a method of determining the elements of the orbit of a planet from 
three observations, calculated the orbit of Ceres, and predicted its apparent 
position in which it was rediscovered on the last day of the same year* 

Ceres was so small that it was thought by the German astronomer Gll>ers 
that other planets like it might exist, and the search was continued. Pallas 
was found by Others in 1&02, Juno by Harding in 1S04. and Vesta by Olbers 
in 1807. No more asteroids were then discovered until 1845, when Hencke 
found Astrzea; but beginning with 1847 at least one has been found every 
year. Since xSgi most of the discoveries have been made by photography, 
a field in which Wolf of Heidelberg and Palisa of Vienna have led* 

Orbits of the Asteroids.—The mean distances of the asteroids 
range from 1*46, which is that of Eros, to more than 5 astro¬ 
nomic units; their periods from two to more than twelve 
years; the inclinations of their orbit planes from o up to 48°; 
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and their eccentricities from o to 0*65; but most of the orbits 
are fairly round, lie rather near the plane of the ecliptic, and 
have semi-major axes averaging about 2*8, the number in 
Bode’s series between Mars and Jupiter* 

It was noticed by Kirkwood of Indiana in 1866 (when only 
eighty-eight asteroids were known), and has been abundantly 
verified since their numbers have so greatly increased, that 
no asteroids have periods which are simple fractions of that of 
Jupiter* When the mean distances of the asteroids are plotted 
as in Fig, 137, conspicuous gaps are found at the distances at 
which, if an asteroid did revolve, its period would be } 4 t H* 
etc*, of Jupiter's period* Although the fact has not been 



^ 1 

6 

Fig. 137. Kirkwood's Gaps is the Asteroid Belt 

demonstrated mathematically, it is probable that the perturba¬ 
tions of Jupiter have cleared the asteroids from Kirkwood s 
gaps or else prevented their ever entering them. 

At first, the names applied to the asteroids were chosen from 
Greek mythology; but as they became more numerous other 
mythologies were invoked, the works of Wagner, Shakespeare, 
and lesser writers were pressed into service, and many strange 
new names were invented. All the names are supposedly 
feminine except those of a few asteroids which have extraor¬ 
dinary orbits. The masculine ones include Eros, Albert, 
and Ganymede, whose perihelia lie within the orbit of Mars 
and which therefore at times approach closely to the Earth 
{Alinda, though bearing a feminine name, belongs to this group 
also); Hidalgo, whose perihelion lies near Mars’s orbit and 
aphelion near Saturn’s; and the “Trojan group” Hektor, 
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Nestor, Achilles, Patroclus, Priamus, and Agamemnon, each 
of which, with Jupiter and the Sun, fulfills the equilateral 
triangular solution of the problem of three bodies (page 221). 

Eros is of particular interest for its value in determining the 
distance of the Sun and the scale of the Solar System. It 
approaches at times within about 13,000,000 miles of the 
Earth, which is closer than any other planet. Its geocentric 
parallax is then correspondingly large and for this reason, 
and also because the little asteroid presents a point-image, its 
parallax and distance in miles can be determined with consider¬ 
able accuracy. From the elements of its orbit its distance in 
astronomic units can be accurately computed, and from this 
and the distance in miles the number of miles in the astronomic 
unit is found. 

The Zodiacal Light and the Gegenschein. —The region of 
the zodiac on either side of the Sun is illuminated by a faint, 
soft light of triangular or lenticular shape which somewhat 
resembles the Milky Way, but lacks the sparkle of the latter's 
millions of distant stars. This zodiacal light is most easily 
seen in our latitudes on spring evenings or autumn mornings 
when the portion of the ecliptic above the horizon is most 
nearly vertical. Its spectrum, as observed by Fatli at the 
Lick Observatory- in 1908, seems identical with that of sun¬ 
light, and there is little doubt that the illumination is caused 
by the reflection of sunlight by a belt of small bodies revolving 
in orbits which He mostly within that of Venus, but some of 
which may extend beyond the Earth. The size of the bodies 
is unknown, but they are certainly smaller than the asteroids 
and are very probably mere dust-particles. 

Far more difficult to sec, and quite imperceptible when there 
is the least haze or artificial light, is the Gegenschein, a dim, 
oval spot of light which lies exactly opposite the Sun, sharing 
its annual motion as does the zodiacal light. Moulton’s 
explanation of the Gegenschein is mentioned on page 221. 

The Giant Planets. —-The four outer planets of the Solar 
System are so much larger than those nearer the Sun that 
they may well be called the giant planets. The principal 
numerical facts regarding them are contained in Table 11.4. 
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Table 11.4. The Giant Planets 



Jupiter 

Saturn 

Uranus 

Neptune 

Mean distance from Sun, astro- 
notnic units.... * ■ ■ 

5.20 

9-54 

19.19 

30.07 

Sidereal period, years... 

ii,S6 

29,46 

84.02 

164-79 

Mean synodic period, days. 

399 

378 

369 

367-5 

Eccentricity of orbit. 

0.048 

O.OSS 

0.047 

0.00$ 

Inclination of orbit plane. 

t-3 

2-5 

o?8 

i?8 

Apparent diameter. ... 

32" to 50 ' 

14" to 20" 

3'.'8 


Equatorial diameter in miles.,.. 

88,700 

7S’°6 o 

30,900 

32,900 

Oblateness. ...... 

0,06 

0.11 

0,09 

? 

Mass, Earth = i---- 

31& 

95 

IS 

17 

Mean density,, water - i... 


0.72 

1.22 

1,11 

Surface gravity, g = 1. 

2,65 

1.18 

0.90 

0,89 

Mean albedo. ; .. 

0,56 

0.63 

0,63 

0.73 

Mean rotation period..... 

9" 55“ 

io h i4 m 

io h 45 m ± 

? 

Inclination of equator to orbit. ., 

3-i 

a6“8 

§2°? 

p 


The spectra of all four giant planets, as discovered by V. 
M. Slipher, contain broad dark bands of greater wave-length 
than H0, the intensity of which is greatest for Neptune, less 
for Uranus, and least for Jupiter. These bands prove the 
existence of dense atmospheres, but give no interpretablc 
evidence as to their constitution, since the bands have no 
known counterpart in any other spectra. 

No distinct phases are perceptible on any of these outer 
planets because the angle Sun-planet-Earth is always small; 
but when Jupiter is at quadrature his eastern and western 
limbs are perceptibly of unequal brightness. 

On each giant planet, the telescope reveals light and dark 
belts arranged parallel to the equator, which are very con¬ 
spicuous on Jupiter (Plate 11.4), faint on Saturn, and almost 
imperceptible on Uranus and Neptune. Great changes are 
observed in the details of the markings on Jupiter and Saturn, 
and the rotation periods determined from spots in different 
latitudes are different, as in the case of the Sun (page 162), 
so that it is evident that their surfaces are in a state of great 
disturbance. Until recently it was supposed that these planets 
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were at a high temperature, but in 1923 Jeffreys, in England, 
showed on theoretical grounds that the contrary is more 
probably true, and radiometer measures made in 1924 by 
Lampland and Coblentz resulted in a mean temperature for 
the surface of Jupiter of —130° G, for Saturn of —150° G, 
and for Uranus of —170° G 

Jupiter*—To the unaided eye Jupiter appears as a star five 
or six times as bright as Sirius, It is the largest of the planets, 
larger than all the others combined, with a diameter 11 times, 
a volume 1,300 times, and a mass over 300 times the Earth's, 
Its rotation is so rapid that it may be noticed in less than an 
hour by observation at the telescope under good conditions, 
and has produced a very noticeable equatorial bulge. With 
even a very small telescope the belts are easily seen, and 
with a large instrument and good seeing the markings show a 
wealth of detail. The colors are delicate and beautiful, con¬ 
sisting mainly of red, yellow, tan, and brown tints, but excel¬ 
lent conditions are required to show them, since a little atmos¬ 
pheric disturbance blurs the details. 

The chief markings are of a durable, but not ijermanent, character* The 
most famous one is the great red spot which has l>een observed in the 
Jovian southern hemisphere since 1857 and was “startlingly conspicuous” 
from 1878 to 188 t* In its prime it was about 30,000 miles long and 7.000 
wide. It has disappeared and reappeared at times, but in its absence its 
place has l>een marked by the great red spot hollow (Plate 11*4), It can¬ 
not be permanently attached to a solid nucleus for its rotational speed, 
which is usually slower than that of its surroundings, is perceptibly but 
temporarily accelerated when the sjx>t is overtaken by the south tropical 
disturbance, another salient feature which has been known since igox # 
Other markings sometimes change their appearance much more rapidly 
(Plate 11,4}, The visible surface appears to lie composed of clouds, but 
they must he clouds, not of water, but of some substance which vaporizes 
at a much lower temperature. 

The Satellites of Jupiter. — Jupiter's system of nine satellites 
is described in Table t t .3. The four large satellites, which were 
discovered by Galileo, are numbered in the order of their dis¬ 
tance from Jupiter; the others in the order of discovery. The 
names of the Galilean satellites were given them by Simon 
Marius, who claimed priority of discovery; as his claim was 
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Table 11,5. The Satellites of Jupiter 


No, 


5 

2 

3 

4 

6 

7 

8 
9 


Name 

Discovery 

Distance, 

miles 

Period 

Diam¬ 

eter, 

miles 

Density 
water = I 

Albedo 


Barnard, 1892 
Galileo, 1610 
Galileo, 1610 
Galileo, 1610 
Galileo, 1G10 
Perrinc, 1905 
Perrinc, 1905 
Melotte, 1908 
Nicholson, *14 

112,500 

261,000 

415,000 

664,000 

1,167,000 

7,300,000 ± 
7,500,000 -fc 
14,000,000 ± 
15,400,000 =b 

j -jm 

i d l8 h 
3 d L 3 b 
t 4 * 
16* 1 17 11 
266* ± 

277 t, ± 
740 ± 
nearly p 

small 

2,450 

2,050 

3.560 

3.350 

v, small 
v. small 
v. small 
v. small 



lo 

Buropa 

Ganymede 

Callisto 

2.7 

2.6 

1*5 

1.0 

0.69 

0.76 

0-45 

0.16 














believed fraudulent, the names have never been extensively 
used, and the fainter satellites have never been named. 

The five small satellites are exceedingly faint and all but the inmost were 
discovered by photography. The eighth was discovered at Greenwich; the 
four others at the Lick Observatory. The four outer satellites are so far 
from Jupiter that they are subject to enormous perturbations by the Sun, 
and for some time after their discovery there was doubt as to whether they 
were really satellites to Jupiter or asteroids. The planes of their orbits are 
highly inclined to the plane of Jupiter's equator, whereas those of the inner 
five sensibly coincide with it. Numbers 8 and 9 revolve in the retrograde 
direction. 

Phenomena of the Galilean Satellites.—The four great 
satellites, which are so bright as to be visible in the smallest 
telescope—or even to the naked eye were it not for their proxim¬ 
ity to the planet-—present most interesting phenomena. The 
plane of their orbits (and that of Jupiter’s equator) so nearly 
coincides with that of the planet’s orbit, and also with that of 
the ecliptic, that their orbits are presented almost edgewise to 
both the Sun and the Earth. The satellites, therefore, appear 
always in a nearly straight line passing through the planet, and 
all but Callisto are eclipsed at every revolution. Callisto 
escapes eclipse when Jupiter is far from his equinoxes. 

When Jupiter is not at opposition, four distinct phenomena 
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present themselves, which may be understood from a considera¬ 
tion of the orbit of Ganymede in Pig. 138. When the satellite 
arrives at A, it is occulted behind the planet; it emerges from 
occultation at B to disappear in eclipse at C, reappearing at D. 
On arriving at H it passes in front of Jupiter and a transit of 
the satellite occurs, during which it may be seen against the 
planet as a dot of nearly the same brilliancy as the planet 
itself. From M to N the satellite’s shadow falls upon the 
planet and may be easily seen as a black dot (transit of the 
shadow). At opposition, eclipses take place simultaneously 
with occultations, and the shadows are concealed behind the 
satellites which cast them (Fig. 139). 




Fig. 13S. Phenomena of Jupiter’s Fig. 139. Phenomena of Jupiter's 
Satellites; Jupiter at East Satellites; Jupiter at Opposition 
Quadrature 


Callisto has a much lower albedo than the other large satel¬ 
lites, one of which, Europa, is about as white as snow. When 
in transit across Jupiter, Callisto appears dark. AH four, 
especially Callisto, are variable in brightness in periods coin¬ 
ciding with their revolution periods, probably because one side 
is brighter than the other and because the satellites behave 
like the Moon and keep always the same face toward Jupiter. 

Saturn and its Rings.—To the naked eye, Saturn appears as 
a star of the first magnitude, but not eminent in any way above 
several other stars. By a good telescope, it is revealed as a 
delicately banded globe poised within a shining ring—a 
spectacle which, once seen, can never be forgotten. So far as 
is known, no other body in the universe is like it (Plate 11.5). 
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Galileo’s telescope was not quite good enough to show the details of this 
planetary spectacle, hut he perceived that Saturn was not like an ordinary 
star, and sent a mysterious anagram to Kepler, later transposing it into the 
sentence L'Umurn plane turn tergeminum observavi (“I have observed the 
farthest planet triple"). Subsequent observers drew Saturn as triple or as 
having a pair of ansse, or “ears," of various types; and it was not until 
1655 that Huyghcns perceived the planet’s true form which he announced, 
first in an anagram and later in its translation, Annulo cingilnr, tenui, piano, 
nusquam cokacrerttc, ad ecliplicatn inc'.inato (“It is surrounded by a ring, 
thin. fiat, nowhere touching, inclined to the ecliptic"). In 1675 D. Cassini 
found that the ring was divided in two by the space since known as Cassini’s 
division. In 1S50 G. P. Bond of Harvard discovered, within the two bright 
rings, a faint, semi-transparent crepe ring. 

The rings lie in the plane of the planet’s equator, which is 
inclined about 27 0 to the plane of its orbit. Twice in the 
sidereal period of nearly thirty years this plane passes through 
the Sun just as docs the plane of the Earth’s equator in March 
and September (Fig. 67); the Sun then shines only on the 
thin edge of the ring, and at about the same time the ring is 
presented edgewise to the Earth. At such times it disappears 
in small telescopes, while in large ones it seems a fine needle 
thrust through the ball. About seven and one-half years 
later, the Saturnian solstice occurs, and the Earth and Sun 
have an elevation of about 27 0 above the plane of the ring, 
which then appears as an ellipse with a minor axis nearly half 
the major axis. When not presented edgewise to the Sun, the 
ring casts a shadow on Saturn which may usually be seen as a 
dark band outlining the edge of the ring. At the same time 
the shadow of the ball extends across the ring and may be 
seen, except when directly behind the planet, as a black band 
outlining one limb of the globe against the ring. 

Saturn’s oblateness is greater than that of any other known 
planet, and its equatorial bulge is conspicuous; but its rotation 
period is slightly longer, and its diameter considerably less, 
than Jupiter’s. Its mean density is very low, much less than 
that of water and less than that of any known solid except 
the rare element lithium; and yet it has been shown by the 
motion of the satellites that the inner core of the planet is 
denser than the outer layers, which must be very light indeed. 
Both the ball and the rings, and also some of the satellites, 
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have high albedos, and the English astronomer Hepburn has 
suggested that they may be composed of ice or loosely packed 
snow. 

Dimensions and Constitution of the Rings. —The dimensions 
of the rings are given in Table n.6. The middle ring, B, 
which is much the widest, is also much the brightest. None 
of the rings is quite opaque; the outline of the ball is easily 
seen through the crdpe ring and is visible, though less easily, 
through Ring A ; and stars have been seen even through Ring 
B. Moreover, when the Earth and Sun are on opposite sides 

Table 11.6. Tub Rings of Saturn 

Radius of outer limit of ring system .86,300 

Width of outer ring (A).. 11,100 

Width of Cassini's division . 2,200 

Width of Ring B . 18,000 

Width of cr6pe ring (C) . 11,000 

Distance from inner edge of Ring C to surface of Saturn . 6,000 

Thickness of ring ... .less than 100 


of the plane of the rings, as happens for a short time every 
fifteen years, the rings do not completely disappear but are 
visible in large telescopes by sunlight that has passed through 
them. 

It was shown theoretically by Laplace that, if the rings were 
solid, they must collapse like an overloaded bridge under the 
force of Saturn’s attraction; and in 1857 by Clerk-Maxwell 
that they could be neither solid nor fluid and must therefore 
consist of a swarm of independent bodies like meteors. 

In 1895 Keeler verified the meteoric constitution of the rings 
by a beautiful application of the spectroscope and of Kepler’s 
laws. He photographed the spectrum of Saturn by forming an 
image in such a way that the slit of the spectrograph cut 
through both ansae and through the center of the disk as in 
Fig. 140. Each spectral line was thus divided in three parts, 
consisting of the image of an east-west strip of the planet in the 
middle and of a strip of the ring at each end. The middle 
portion was inclined because of the rotation of the planet (page 
236), the west end being displaced toward the red; but the 
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end portions, though shifted bodily, were inclined the other 
way (Plate 11.6), showing that the inner particles of the ring 
were moving faster than the outer ones. Keeler found that 
the velocities of the different parts were in accordance with 
Kepler’s harmonic law (page 192). 

Cassini’s division lies at a distance from Saturn where, if 
a particle revolved, its period would be half that of Mimas, the 
nearest satellite, and commensurable with the periods of three 
others, and is thus analogous to Kirkwood’s gaps in the asteroid 
belt (page 247). In Ring A is a much less prominent division, 
knovm as Encke’s, where a revolving particle would have a 
period one-third that of Mimas, and Lowell reported a number 



Fig. 140. Spectroscopic Proof of the Meteoric Constitution of 
Saturn's Rings 

of other divisions, mostly in Ring B , where the period would be 
simply commensurable with those of various satellites. 

The Satellites of Saturn.—Saturn has nine satellites, which 
are described in Table 11.7. They are not so conspicuous as 
the Galilean satellites of Jupiter, being more distant and mostly 
smaller, but several of them, particularly Titan, may usually be 
seen with a moderate-sized telescope. The orbits of the five 
inner ones are circular and lie in the plane of the planet’s 
equator and of the rings. Titan and Hyperion also revolve 
nearly in that plane, but the orbit of Japetus is inclined about 
io°, while Phoebe revolves backward almost in the plane of 
Saturn’s orbit. Eclipses and occultations can occur only when 
the rings are placed nearly edgewise to the Sun and the Earth. 

Uranus and its Satellites. — The discovery of Uranus, by 
William Herschel in 1781, caused great excitement, since the 



























256 ASTRONOMY 


Table n.7. The Satellites or Saturn 


Name 

Discovery 

Distance, 

Miles 

Period 

Diameter, 

Miles 

Mimas,... 

W. Herschel, 17S9 

117,000 

22*6 

600 ± 

Enceladus. 

W. Herschel, 17S9 

ts7 ? ooo 

i d 9* 

800 ± 

Tethys. 

j. Cassini, 1684 

186,000 

I 21 

1,200 ± 

Dione... 

J. Cassini, 1684 

238,000 j 

2 18 

1,100 dr 

Rhea... 

J, Cassini, 1672 

332,000 

4 12 

1,500 dr 

Titan 

Huyghens, 1655 

771,000 

15 22 

3,000 ± 

Hyperion. 

G, P. Bond, 1848 

934*000 

21 7 

500 zb 

Japctus. 

J. Cassini, 1671. 

2,225,000 

79 <l 

2,000 zb 

Phcebe.. 

W. H. Pickering, 1898 

8,000,000 

54 <> a 

200 zb 


discovery of a new planet was then a thing unheard of, 
Herschel was knighted, and was provided by the king of 
England with means for building great telescopes with which 
he subsequently did much important work. 

The discovery did not take place in quite the way which might be inferred 
from Keats's lines, written years later: 

“Then felt I like some watcher of the skies 
When a new planet swims into his ken.” 

Herschel was “sweeping” the sky in the constellation Gemini with a seven- 
inch reflector of his own construction when he perceived an object which 
he distinguished from the stars by its disk. He thought it was a comet 
and so reported it, and the fact that it was a planet did not become known 
until nearly a year later, when Lexell, in Russia, computed its orbit, which 
he found to Ixi nearly circular and to lie beyond Saturn. Herschel wished 
to call the planet “Georgium Sirius” in honor of King George TIT, while 
many other astronomers called it Herschel; but the name Uranus, proposed 
by Bode, was finally adopted. 

Uranus is barely perceptible to the naked eye on a moonless 
night. In the telescope it presents a little apple-green disk. 
It is only under the best conditions that vague belts can be 
perceived upon it, and there are no markings from which a 
rotation period can be found, Slipher has determined the 
period spectroscopically as about ten and two-thirds hours, and 
L. Campbell, at Harvard, has found that the planet's bright¬ 
ness varies in this period, suggesting that it is unequally 
bright in different longitudes. The rotation appears to take 
place in the plane of the satellite orbits, which is inclined at 


Plate 11.5. Saturn and Its Rings, Drawn hy Perdval Lowell, 1912 February 6 













































Plate ii.6 # Saturn 





Left —Spectrum by V. M. Slipher, Lowell Observatory, showing distortion 
of lines due to motion. See Figure 140 
Upper right —Drawing by Proctor 
Middle —Photograph by E. C. Slipher, iqiC February 11 
Lower —Photograph by E, G. Slipher, 1922 May 24 
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the extraordinary angle of 82° to the plane of the planet’s 
orbit, and the motion, like that of the satellites, is retrograde. 
The satellite system is described in Table 11.8. 

Table ti . S . The Satellites op Uranus 


Name 

Discovery 

Distance, 

Miles 

Period 

Diameter 
(?), Miles 

Ariel__. 

Lassell, 1831 

120,000 

2 d 12^5 

SO© 

Umbriel_... 

Lassell, 1S31 

167.000 

4 3-5 

400 

Titania.. 

W. Herschel, 17S7 

273.000 

8 17 

1,000 

Obcron.. 

W. Herschel, 1787 

365.000 

13 n 

$00 


Neptune and Its Satellite■- The discovery of Neptune has 
already been discussed (page 225). This distant body 
appears of the eighth stellar magnitude, quite invisible to 
the unaided eye. In the telescope it shows a little greenish 
disk without any markings except, under the finest conditions, 
vague belts. Its rotation is unknown. It has one satellite, 
discovered by Lassell in 1846. Though the diameter of this 
satellite is estimated at 2 s ooo miles, it is so faint as to be very 
difficult to see. It revolves in the retrograde direction at a 
distance of 222,000 miles in five days twenty-one hours, in a 
plane inclined about 35 0 to the ecliptic. 

Illustration of Dimensions in the Solar System, —In order to obtain a 
clear idea of the relative dimensions and distances of the planets, it is useful 
to imagine the model of the Solar System described by Sir John Hersehcl 
in his Outlines of Astronomy and widely quoted elsewhere, particularly by 
Young in his excellent text-books: 

"'Choose any well-leveled field. On it place a globe, two feet in diameter; 
this will represent the Sun; Mercury will be represented by a grain of mus¬ 
tard-seed, on the circumference of a circle 164 feet in diameter for its orbit; 
Venus a pea, on a circle 284 feet in diameter; the Earth also a pea, on a circle 
of 430 feet; Mars a rather large pin's head, on a circle of 654 feet; Juno, 
Ceres, Vesta, and Pallas, grains of sand, in orbits of from 1,000 to 1,200 
feet; Jupiter a moderate-sized orange, in a circle nearly half a mile across; 
Saturn a small orange, on a circle of four fifths of a mile; Uranus a full- 
sized cherry, or small plum, upon the circumference of a circle more limn a 
mile and a half, and Neptune a good-sized plum on a circle about two miles 
and a half in diameter.' 11 

The reader may readily apply these distances to familiar objects in his 
own neighborhood. 
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METEORS AND COMETS 

General Description of Meteors and Comets.—A few 

minutes’ watch of any part of the sky on a clear, moonless 
night is sufficient to detect a number of the sudden, brief 
flashes which are popularly called falling stars. Occasionally 
one of these appears as bright as Jupiter or Venus, and perhaps 
leaves behind it a phosphorescent train which may float slowly 
over the sky, remaining visible for minutes. Very rarely, a 
blinding flash occurs, accompanied by a loud noise, and a 
heavy body falls to the ground. Such a body, after its fall, is 
called a meteorite, but while moving through space the bodies 
which cause the flashes are called by astronomers meteors. 

The word meteor, in its older and more general sense, means any natural 
object or phenomenon seen high in the air—a flash of lightning, a hailstorm, 
and a rainhow are all “meteors” in this sense—and the science of Meteorology 
deals with phenomena of the weather, hut has nothing to do with meteors 
in the astronomic sense. Until near the end of the eighteenth century, the 
study of meteors was not considered to l>elong properly to Astronomy at 
all; their flashes were believed to be atmospheric phenomena, while the 
falling of stones from the sky was regarded as a miracle or discredited as 
impossible. 

A well-developed comet (a<jr^p Kopyrris, long-haired star) 
consists of a smail bright nucleus which appears star-like 
except with high magnification, surrounded by a diffuse, misty 
envelope or coma, which is greatly extended on the side 
opposite the Sun to form the tail. The tails of some comets 
attain an apparent length of many degrees and a real length of 
many millions of miles. Many comets, however, lack both 
nuclei and tails and are visible only in the telescope, appearing 
merely as little hazy patches of light which are distinguishable 
from faint nebulae only by their motion. Comets appear 
usually at unpredicted times and positions, cross the sky with 
a motion which is perceptible from night to night, and fade 
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from view after a few weeks or months. On the average 
about four or five comets are seen each year; the greatest 
number yet recorded for any year is eleven, in 1925. 

Bright comets have throughout human history attracted a great deal of 
attention because of their sudden and extraordinary appearance, and have 
been regarded by the ignorant and the superstitious as omens of “famine, 
pestilence, and war” Like meteors, they were supposed to be situated in 
the Earths atmosphere until Tycho Brahe proved that the parallax of a 
great comet which appeared in 1577 was less than that of the Moon and 
that therefore the comet could not he “sublunary,” 

The study of comets shows that although, like the planets, 
they move under the control of the Sun's gravitation, they are 
contrasted with the planets in almost every other respect. 
The planets are compact, opaque, and nearly spherical bodies 
moving all in the same direction in orbits which are regularly 
spaced, almost circular, and nearly in the same plane. The 
comets move on highly eccentric orbits most of which are 
either parabolas, or ellipses of such size and eccentricity that 
their observed portions appear parabolic. The planes of their 
orbits are inclined to the ecliptic at angles ranging from o to 
90 °, and a large proportion of the comets move in the retro¬ 
grade direction. The comets themselves are bodies of strange 
form, immense size, and insignificant mass which change 
shape and dimensions greatly and rapidly (Plates 12.4, 12.5), 
which shine partly by reflected sunlight and partly by light of 
their own, and which exhibit evidence of repulsive as well as 
of attractive forces. 

The study of meteors proves that they are tiny solid bodies 
which move around the Sun like the comets but are never seen 
by man until they enter the Earth's atmosphere and become 
luminous by the transformation of the energy of their rapid 
motion into heat. It is known certainly that many meteors, 
possibly all, are connected with comets, and many are probably 
in fact the remains of comets which have disintegrated. 

Determination of the Path and Speed of a Meteor Through 
the Air, —For the observation of meteors the telescope is of 
little use because of its narrow field. Observations are best 
made with the naked eye by plotting the apparent path on a 
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star-map or with a wide-field camera which records photo¬ 
graphically the trails of bright meteors among the stars. The 
time of the flash should be noted and the duration of visibility 
estimated or timed with a stop-watch. 

Observation of a meteor from a single place is not sufficient 
to determine its real position, but if the same meteor be seen 
simultaneously by two observers stationed a few miles apart a 
difference of apparent place results from parallax (Plate 12.1), 
and from the two observations the actual height and location 
of the meteor may be found. The positions of meteors were 
first thus determined by triangulation in 1758, by two young 
students, Brandes and Benzenberg, at Gottingen. 


, The plot of the apparent path on. the star-map (or the photographic trait) 
gives the right ascension and declination of each point on the meteor’s vis¬ 
ible path, From the recorded time and the right ascension, the hour angle 
may be found, mid the hour angle and declination may be transformed into 
altitude and azimuth, either by trigonometric calculation or by the use of a 
u celestial gtolie. Neglecting the curvature of the Earth, 

let A and B (Fig. 141) be the two oiiscrvers, M a point 
of the meteor’s path, say the point of first appearance, 
and P the point of the Earth’s surface vertically beneath 
M. In the horizontal triangle A BP, the side A B is the 
distance between the observers, and each of the adjacent 
angles PAB and PBA is the difference of azimuth of 
the meteor and one ot>server as seen by the other. 
These three quantities toeing known, the triangle may 
be solved and the sides AP and BP computed. In the 
vertical right triangles A PM and BPM the side PM is 
the vertical height of the meteor and the angles MA P 
and .V /BP are its apparent altitudes at the two stations; 
hence, in either triangle, the base and its adjacent angle are known and the 
height can 1 * computed. From the distances A P and BP the point P may 
lx; directly located on a terrestrial map. Having these data for tioth the 
beginning and the end of the path, and the time during which the meteor 
was visible, its entire path and the velocity with which it traveled may l;c 
determined. 



T» 

Fig. 141. Deter¬ 
mination of 
the Height 
and Distance 
of a Meteor 


Meteors seldom appear at heights exceeding one hundred 
miles, and most of them disappear before descending lower than 
a height of thirty miles. Their velocities average about 
twenty-six miles (forty-two kilometers) a second, which is the 
parabolic velocity due to the Sun’s attraction at the distance of 
the Earth (page 218). This velocity is what would be expected 


Meteor and polar star trails photographed simultaneously by J, KlepeSta at 
Prague (left) and J* Sykora at Ondfejov Czechoslovakia, 1925 August 9* 
In the Ondfejov plate the meteor is near the lop, almost parallel to the star 

trails 



Etched surface of a meteorite, showing the Widmann- 
station figures 
















Plate 12.2, Donates Comet of 165s 
Drawings by G. P. Band, 1858 October 6. Pram Annals of Harvard College 
Observatory Y Volume 3 



Appearance to the unaided eye 



Appearance of the head in the 15-inch Harvard refractor 
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if meteors, like most comets, move around the Sun on parabolas 
or highly eccentric ellipses. The actual observed velocity, 
which is the resultant of the velocities of the meteor and the 
observer, ranges between wide limits. 

Source of the Light of Meteors; Their Size. The luminosity 
of meteors is readily explained by the high temperature which 
must be produced by the conversion of their kinetic energy 
into heat. The kinetic energy of a body of mass m moving with 
a velocity of v centimeters per second is equal to yimv- ergs. 
In free space, the velocity of a meteor is many hundreds of 
thousands of centimeters per second, vastly greater than that 
of any terrestrial projectile, and, as the energy is proportional 
to the square of the velocity, it is inconceivably great. When 
the meteor encounters the atmosphere, its motion is checked 
and its kinetic energy is transformed into heat. From the 
observed brightness and velocity of meteors their mass can be 
estimated, and it turns out that the ordinary shooting star is 
a mere speck, having a mass of only a few milligrams. The 
temperature produced by the meteor's violent rush through 
the air is enormous- several thousand degrees and this 
explains the surprising brilliancy of the light, and also the fact 
that none of these tiny meteors are ever seen to reach the 
ground; they arc vaporized by the intense heat, and upon 
cooling condense into impalpable dust. 

Meteorites. —Thousands of meteorites, many of which were 
actually seen to fall, are preserved in museums. They are 
classified roughly as stone and iron meteorites. The iron 
meteorites contained in museums are the more numerous, but 
this is because they arc the more easily identified; many more 
stone ones are seen to fall. The largest one in any collection is 
an iron meteorite weighing about thirty-six tons, which was 
brought by Peary from Greenland to the Museum of Natural 
History, in New York City. 

Near Canon Diablo, in northern Arizona, is a crater known as Coon 
Butte, about three-fourths of a mile in diameter and with walls about 600 feet 
high, of which the floor is lower than the surrounding plain as in the lunar 
craters. On the plain around the crater great quantities of meteoric iron 
have liecn found, the largest pieces weighing several hundred pounds each, 
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and competent authorities are of the opinion that the crater was made by 
the impact of an enormous meteorite, of which these are fragments. 

Iron meteorites are nearly pure iron with usually a small 
admixture of nickel. Very often the iron is crystallized in a 
peculiar fashion so that when cut, polished, and etched it 
exhibits characteristic markings which are known as Widmarm- 
statten figures (Plate 12.1). Stone meteorites also contain 
some iron, and about thirty other elements have been identi¬ 
fied in them, but none not already 
known in terrestrial substances. 
Many meteorites contain large 
quantities of occluded hydrogen, 
helium, and other gases. 

If discovered soon after its 
fall, before the surface has be¬ 
come weathered, a meteorite is 
usually found to be covered with 
a thin black crust formed by the melting of its surface during 
its passage through the air. 

Number of Meteors. Although an observer may, from a 
single point of view, see half the celestial sphere, he can see 
only a small fraction of the meteors in it, because of the 
relative shallowness of the air (Fig. 142). Moreover, as 
every telescopic observer knows, there are many meteors too 
faint to be perceived by the 
naked eye. Taking these facts 
into account, it has been esti¬ 
mated from the number of 
meteors actually seen that the Fig. 143. Why Meteors are More 
total number which enter the Numehous AFTER MnMHGHT 
air daily must be many millions. Their dust, settling through 
the air, is slowly — but very slowly — adding to the mass of the 
Earth. 

It may be noticed, by anyone who takes the trouble to 
watch the sky all night, that the meteors seen after midnight 
are about twice as numerous as those seen before. This is 
because, in the latter half of the night, we are riding on the 
front side of the Earth as it moves along its orbit (Fig. 143) 




Iug. 142. We can see Half the 
Celestial Sphere but not 
Half the Meteors 
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and receive meteors from all directions, whereas in the earlier 
half we see none of those which the Earth meets “head on.” 
For the same reason, the meteors of the morning hours have 
a greater apparent velocity and are bluer because of the greater 
intensity of heat generated. 

Meteor Swarms and Showers.—When the apparent paths of 
all the meteors observed on a given night are plotted on a star- 
map, it is often found that many of them radiate from a single 



small spot in the sky; that is, if the lines representing the 
observed paths are extended backward, many of them inter¬ 
sect at nearly the same point (Fig. 144). This point is called 
the radiant of those particular meteors. The meteors seem to 
fly in all directions from the radiant, and it is not unusual for 
a “falling star” to move apparently upward instead of down¬ 
ward. Those seen nearest the radiant have the shortest 
apparent paths, and a meteor exactly at the radiant seems 
stationary', simply appearing and vanishing without apparent 
motion. 

The radiant has the same place among the stars for observers 
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tit diflercnt stations, and therefore must be infinitely distant 
while the apparent divergence of the meteor paths is an effect 
of perspective, the meteors concerned moving, in fact, along 
parallel lines as in Fig. 145. Meteors which move in this way 
are said to belong to a meteor swarm, which is named for the 
constellation in which the radiant appears; thus, the swarm 
of Perseids has a radiant in Perseus, the Leonids one in Leo, 
etc. Sometimes the Earth encounters a swann so dense that 
thousands of meteors are seen in a single night, as happened 
with the Leonids in 1833 and 1866, and the Andromids in 
1872. A display of many meteors from the same swarm is 

called a meteoric shower. 


The words “swarm” and “dense” are 
far from applicable if taken with their 
usual connotation. Even when meteors 
appear on the same path at the rate of 
four or five a second, they must still 
ix: several miles apart, and it is only 



FUNC OF' 


Fig* 1 45. The Radiant of a Meteor ^7 hyperbole that pin-heads or dust- 
Shower is an Effect of Per- spedcs several miles apart can be said 
sfective to constitute a dense swarm. 

If the swarm be large, the Earth may require several days to 
cross it, so that a shower may last several nights; but, since 
the Earth can encounter a given s w arm at only one place in 
its orbit, the shower cannot be repeated oftener than once a 
year. 

Orbits of Meteor Swarms.— The position of the radiant is 
determined by the direction and magnitude of the relative 
velocity of the meteors and the observer, and this depends 
both upon the orbital and diurnal motions of the Earth and 
upon the orbital motion of the meteors. The motions of the 
Earth can be readily allowed for, and from the resulting 
motion of the meteors the elements of their orbits can be 
computed. Meteor swarms have thus been found to move 
around the Sun in elliptic orbits, and many of these have been 
proved to be identical with the orbits of known comets, thus 
establishing a close connection between the two classes of 
bodies. 


Plate 12.3* Spectra of Comets, Photographed by V. M. Slipher, Lowell 

Observatory 



Halley's Comet, 1910 May 6* Objective prism spectrogram, In which each image 
of the doti bio tail oil comet corresponds to a spectral line. The tailless linage of 
the head at the left end of the spectrum is due to cyanogen. 'Die horizontal 
streaks across the tail are the spectra of stars* 



Slit spectrograms of MelHsh’s Comet a 1915 (M) and Zlatinsky’s Comet b 1914 (Z) 


















Plate 12,4. Ph otog ra ph s of Mor eho use r s Com et p c i 908 



October 15, by Barnard, Yerkes Observatory. The long star trails are due to 
the comet’s motion during the exposure of 90 minutes. The enlargement 
in the tail was receding from the head at 3 ?3 an hour. 



November 17 (upper) and November 28 (lower) by E. C, Slipher, 
Lowell Observatory 
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The first such identification was made by Schiaparelli in 1866. between 
the Perscids and Tuttle’s comet of 1862. A famous case is that of Biela’s 
comet and the Andromids. The comet, discovered in 1826 by Biela, was 
shown to move on an elliptic orbit with a period of about 6.6 years, and 
was identified with a comet seen as early as 1772 by Montaigne and in 
1805 by Pons* There was nothing especially remarkable about it until 1846, 
when it divided in two* When next seen in 1852 the two components had 
moved farther apart, and they have not been seen since; but in several 
years when the comet was due to appear, particularly in 1872, there have 
l>oen notable showers of Andromids. Here the meteors seem to be products 
of the comet's disintegration; in some 
other cases the comet seems to be accom¬ 
panied by the meteors, being the most 
conspicuous body of the aggregation* 

The most important meteor 
swarms are listed in Table 12*1. 

The Perseids are evidently dis¬ 
tributed fairly equally in a ring 
which extends all the way around 
their orbit, for a noticeable shower 
occurs every year* While a few 
stragglers of the other swarms also 
are seen each year, the main shower 
generally occurs only once in the 
meteors' period, showing that 
these swarms arc more compact. 

Discovery and Designation of ^ m 

_ . . * , Fig* 146* The Orbits of the 

Comets.—Large comets which Earth and the Perseid Me- 

come near ihe Sun and the Earth oPthemIteoTo^i? 


are spectacular objects, some of 

which have been visible in broad daylight and readily command 
attention. Records exist of about four hundred which appeared 
before the invention of the telescope* The number discovered 
since that event is greater, but most of these later comets have 
been faint* In most cases neither the time nor the place of 
their first appearance can be predicted, and they are usually 
found by searchers with small, wide-field telescopes, or, in recent 
decades, upon celestial photographs* 


The news of such discoveries is communicated to the principal observa¬ 
tories by telegraph and cable through central stations at Harvard and Copen¬ 
hagen. When a comet is found, its right ascension and declination at a 
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Table 12 .1 


METEOR SWARMS 


Name 

Approximate 
Date of Shower 

Period 

Appearance of Meteors 

Associ¬ 

ated 

Comet 

Lyrids 

April 20 

415 years 

Swift 

186 r I 

Perseids. *. 

August 10 

120 

Swift, bright, with trains 

1862 III 

Qrionids,.. 

October 19 


Swift 


I^eonids... 

November 14-15 

33-3 

Very swift, blue 

1866 I 

Andromids 

November 17-27 

6.6 

Slow, with trains 

Biela’s 

Gem in ids. * 

December 11-12 


Swift, white, short 



designated time on the night of discovery are telegraphed to the central 
station, which relays the news to the subscribing observatories. Measure¬ 
ments of the comet s position are then made and communicated by various 
observers, and as soon as positions on three nights are made known a pre¬ 
liminary orbit is computed and the elements and a short ephemcris sent in 
This prompt procedure has probably saved many comets from being ‘'lost ” 

In the preliminary computation the orbit is assumed to be parabolic as 
this assumption simplifies the work and is usually at least accurate enough 
to provide a “finding ephemcris’’ good for several days. When more obser¬ 
vations have accumulated, they are used for correcting the preliminary ele¬ 
ments to obtain a more accurate orbit. For the determination of a para- 
i>olic orbit the method developed by Olbers in the early part of the nine¬ 
teenth century is probably the most convenient; but for an elliptic orbit 
and especially for modifying a preliminary parabolic orbit to agree with 
later observations, the method developed by Leuschner from the older method 
of Laplace is often shorter and better. Much of the computation of the 
orbits of comets and asteroids is done at the Students’ Observatory of the 
University of California, of which Leuschner is Director, 

Comets are temporarily designated by a letter and year 
number in the order of their discovery; later, when the elements 
of the orbit have been well determined, the letter is superseded 
by a Roman numeral following the year number, the order 
being that of perihelion passage. A comet is often known 
also by the name of its discoverer or of a person who has made 
an important research upon it. Thus Morehouse’s comet, 
Comet c 190S, and Comet 1908 III are identical. 

The Orbits of Comets.—After Tycho had proved that comets are more 
distant than the Moon (page 259), Kepler made observations of two comets 
of his time, and came to the conclusion that they moved freely through the 
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planetary orbits, with a motion not far from rectilinear* Hevelius (“a noble 
emulator of Tycho Brahe,” as Halley calls him), supposing that Kepler was 
right, “complained that his calculations did not agree perfectly with the 
matter of fact in the heavens/* and became aware that the path of a comet 
was curved toward the Sun* In 1680 appeared a great comet whose orbit 
was shown by Doerfcl and by Newton to be a parabola* 

Later, by using the gravitational principles developed by Newton, and 
“by a prodigious deal of calculation,” Halley determined parabolic orbits 
for twenty-four bright comets which had appeared from 1337 to 169S. 
Noticing that the orbits of the comets of 1531, 1607, and 1682 were very 
similar, he concluded that these comets were the same, and that the orbit 
was really a long ellipse with a period of about seventy-five years* He 
accordingly predicted the return of this comet in 1758 and, although Halley 
did not live to see it, his prediction was fulfilled; and the comet, which has 



ever since been famous as Halley’s Comet, was seen again promptly in 1835 
and rpxo* By taking account of planetary perturbations. Cowell and Crom- 
melin have been able to determine its path with such accuracy as to identify 
it with recorded comets at every appearance save one since 240 n.c* Fig, 
147 is a diagram of its orbit with the distances of the planets shown for 
comparison. 

About three-fourths of all the eometary orbits which have 
ever been computed appear to be parabolic* If they are 
strictly so, the mathematical significance is that these comets 
fall from rest at an infinite distance from the Sun, pass around 
it once, and recede again to infinity* Since, however, the 
parabola is the limiting case between the ellipse and the 
hyperbola, it is highly probable that the orbits which seem 
parabolic are either slightly elliptic or slightly hyperbolic; 
and since no distinctly hyperbolic orbits have been found, 
astronomers are mostly of the opinion that the orbits of these 
comets are really long, eccentric ellipses with periods of many 
centuries or millenniums* 
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Some of these comets have very close perihelia; for instance, 
the great comets of 1668, 1843, 18S0, 1882, and 1887, the 
orbits of which were quite similar to one another, passed 
within a few hundred thousand miles of the Sun’s surface and 
must have gone right through the corona. Their periods are 
at least several centuries, but they swung through 180° of their 
orbits near perihelion in a few hours, moving at a speed of 300 
miles a second or over. Near aphelion, where such comets 
spend most of their time, their motion is quite slow. The 
majority of observed comets have perihelia within the orbit of 
the Earth, and none are known which do not approach more 
closely to the Sun than the orbit of Jupiter; but it is very 
likely that many comets have greater perihelion distances and 
escape detection for this reason, for in general comets are very 
inconspicuous objects until they are well within the orbit of 
Mars. 

Many comets arc known definitely to move in elliptic orbits 
with periods less than a century. Most of these are faint, 
Halley’s comet being the only “great comet” among them. 
The shortest known period is that of Encke’s comet, about 
3.3 years. About fifty periodic comets have their aphelia at 
about the distance of Jupiter from the Sun, and arc said to 
belong to Jupiter’s comet family. Saturn and Uranus have 
families of two comets each, much less certainly established, 
and Neptune has a family of seven, one of which is Halley’s 
comet. Halley’s comet, the comet of 1827 (which also belongs to 
Neptune’s family), Tempel’s comet of the Leonid meteors, and 
Tuttle’s comet of the Perseids all have retrograde motion; all 
the other short-period comets move directly. This is in con¬ 
trast to the case of the parabolic comets, about as many of 
which have retrograde motion as direct. 

The existence of so numerous a family of comets as that of Jupiter could 
not well have come about by chance. According to the capture theory, 
these comets moved originally in para 1x3lie orbits which were changed to 
ellipses by the perturbative action of Jupiter. This would happen if Jupiter 
and the comet approached each other in such a way that Jupiter's attraction 
caused the comet to lose about half of its velocity. It was shown by Chandler 
by computations on the orbit of Comet 1889 V that in 1886 it had passed 
within the orbit of Jupiter’s closest, satellite, and that the action of Jupiter 





Plate 12.5. Photographs of Halley’s Comet in 1910 
By C. O. Lampland, Lowell Observatory 
Left —May 5. Length of tail 30°. Spectrum of right fork showed carbon monoxide 
bands, that of left fork was continuous. Right — May 13. Length of tail 50 . 
Verms appears at lower right edge, meteor trail about 7 from head 




















Plate 12,6. Tail of the Gkeat Comet a 1910 
Photographed by Lampland at Lowell Observatory, January' 27, 
I lie head was concealed by the pine forest west of the Observatory. 
Length nf tail about 20° or 40,000,000 miles, '['his was by far the 
brightest comet of the first quarter of the twentieth century. It 
had passed its perihelion on January 17 


METEORS AND COMETS 


269 


was such as to have reduced the comet’s period from twenty-seven to six 
years. Barnard observed in 18S9 that this comet was double, and that the 
two parts were separating at such a rate that they must have been together 
in 1886, at the time of the encounter. However, an approach to Jupiter is 
as likely to result in acceleration as in retardation of a comet, and acceler¬ 
ation of paraliolic velocity would change the orbit to a hyperbola. Crom- 
melin shows on the theory of probability that only one comet in half a mil¬ 
lion would pass close enough to Jupiter to have its velocity reduced hy 
half, and is inclined to agree with a theory proposed hy Proctor, who sug¬ 
gested that the Jupiter comets originated in the planet, having lieen emitted 
by volcanic or analogous action. 

Dimensions, Mass, and Density of Comets.—Comets are 
the bulkiest objects in the Solar System. The nucleus, when 
one is present, may have any diameter up to ten thousand 
miles; the coma, a diameter from ten thousand to several 
hundred thousand miles; and the tail, a length of many million 
miles. The tail of the great comet of 1843 was said to be more 
than five hundred million miles long—longer than the radius of 
the orbit of Jupiter. 

The mass of comets, on the other hand, is so small that it 
has never been detected at all, for comets have no perceptible 
perturbative action on other bodies. Even when Comet 1889 
V went through Jupiter’s satellite system it produced no 
appreciable derangement of the satellites. It is pretty certain 
that no comet’s mass exceeds one one-hundred-thousandth 
the mass of the Earth. 

The mean density of a comet must, therefore, be exceedingly 
low — certainly thousands of times lower than that of air at 
sca-level, Ii is therefore not surprising that comets are trans¬ 
parent. Faint stars are often seen through the heads of comets 
thousands of miles in diameter. This low mean density does 
not signify, however, that a comet is a tenuous gas throughout; 
it is more likely that the head, at least, contains much solid 
matter in the form of small bodies like meteors, separated by 
distances which arc large compared to the diameters of the 
bodies, probably with highly rarefied gas between. 

The Spectra of Comets.—The spectrum of a comet which is 
faint and distant from the Sun appears to be continuous and 
is probably due wholly to reflected sunlight. As the comet 
nears the Sun, bright bands make their appearance and increase 
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in intensity as the distance diminishes. These bands are 
certainly due to light emitted by the comet itself. With 
increasing brightness of the spectrum, the Fraunhofer lines of 
the solar spectrum may also be discerned upon the continuous 
background. The brightest bands belong to the spectrum 
which was first studied by the English physicist Swan and is 
called the Swan spectrum. It is due to compounds of carbon 
and may be seen in the blue light of a Bunsen gas flame. The 
principal Swan bands have sharply defined edges or “heads" 
at wave-lengths 4737, 5165, and 5635 Angstroms, and each 
fades out gradually on the side toward the violet. Cyanogen, 
a compound of carbon and nitrogen, is also indicated in the 
spectra of comets’ heads, principally by a band at 3883. 
Bright comets which approach near the Sun show bright D 
lines of sodium. The great comet a 1910 when about a million 
miles from the Sun was distinctly yellow in color, due to the 
predominating brilliancy of this line. When near perihelion 
the great comet of 1882 showed, in addition to the Swan bands 
and the D lines, bright lines of iron. 

The spectra of the tails of several comets, notably comets d 
igo7 (Daniel), c 1908 (Morehouse), and Halley’s comet in 
1910, did not show the Swan bands, but contained bright 
bands of carbon monoxide which, like the bright bands of 
the comet’s head, were often superposed on a continuous 
spectrum, probably due to reflected sunlight. 

The emission (bright-band) spectra of comets appear at a distance from 
the Sun far too great to be caused by incandescence due directly to the 
Sun’s heat, and the variation of their intensity with distance is also out of 
accordance with such an effect. Apparently the energy of the Sun’s radi¬ 
ation is absorlied by the cometary material, to tie re-emitted wholly in the 
particular wave-lengths of the comet spectra. The problem resembles that 
of the luminescence of nebula; which seems to be derived from the radiation 
of neighboring stars (page 358). 

The Nature of a Comet’s Tail.—The tail of a comet does not 
trail behind it all the way, but extends always in a direction 
nearly opposite that of the Sun, lagging a little behind the 
prolongation of the radius vector (Fig. 148). It cannot be a 
fixed appendage, for if so the tail of the comet of 1843, for 
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example, must have traveled with a velocity comparable with 
that of light as the comet swept around the Sun. Photographic 
studies of numerous comets since 1890 have shown conden¬ 
sations in the tail which moved away from the head with 
velocities of several miles a second, thus proving that the tail 
is a flowing stream of matter. It is evident that the Sun exerts 
upon this matter a repulsion which is stronger than its gravita¬ 
tional attraction. 

Probably this repulsion is due to the pressure of the Sun’s radiation 
(page 154). and the particles of the tail must be very small, Radiation pres¬ 
sure, however, is not sufficient to ex¬ 
plain all the motions of the matter within 
a comet. The nuclei of some great 
comets—for example, Donati’s comet of 
1858 (Plate 12.2) and Morehouse’s of 
1908—have been surrounded at times by 
a numlier of envelopes of approximately 
parabolic form which were observed to 
dilate as if composed of matter expelled 
in all directions from the nucleus, the 
particles sent toward the Sun being driven 
back by the Sun’s repulsion. The pres¬ 
sure due to the radiation of the nucleus 
is certainly not powerful enough to expel 
these envelopes, and it is more likely , 

that the repulsive force here is electrical, the particles lacing ionized by the 
action of the Sun. 

The Disintegration of Comets.—The materia! which flows 
outward in the tail of a comet can never rejoin the head. 
Being repelled by the Sun, each particle must travel on a 
hyperbolic orbit which is convex to the Sun and has the Sun 
in its outer focus, while the main body continues in its elliptic 
or parabolic path which is concave to the Sun. The tail¬ 
forming material of a comet must therefore waste away, 
although there is no certain observational evidence that the 
t a ils grow smaller or fainter at successive returns. 

In addition to this wastage, a comet which approaches near 
to the Sun or to a large planet is subjected to enormous dis¬ 
ruptive tidal forces which must be very effective in separating 
its loosely connected parts. Biela’s comet and the fifth comet 
of 1889 are known to have divided in two, while the great 



Fig. 148. Positions of the Tail 
of a Com et in Di f f erent 
Parts of its Orbit 
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comet of 1882, after its close perihelion passage, was attended 
by a number of smaller cometary bodies and its nucleus was 
divided into five. There is evidence also that comets have 
been disarranged by encounters with invisible obstacles, 
probably meteor swarms, as was the case of Brooks’s comet of 
1893, photographed by Barnard. This disintegration of comets 
affords a plausible explanation of the origin of meteor swarms. 

Encounters of the Earth with Comets-—A direct collision of 
the Earth with a comet is not at all impossible, since many 
comets cross its orbit. The necessary condition is that the 
comet and the Earth arrive at the node at the same time. It 
has been computed from the theory of probability that such a 
collision is likely to happen about once in 15,000,000 years. 
Passages of the Earth through the tails of comets should be 
much more frequent since the tails are of such immense size. 

On May 18, 1910, the head of Halley's comet crossed the 
plane of the Earth's orbit directly between the Earth and the 
Sun, thus performing a transit like the transits of Venus and 
Mercury and changing from a morning to an evening object. 
Its distance from the Earth was about 15,000,000 miles, and the 
tail is known to have been considerably longer than this and 
to have extended nearly in the Earth's direction. On the 
mornings of May 17 and iS the tail, though faint, was a 
magnificent object which extended like the beam of a search¬ 
light across the sky a distance of about 120°. A broader and 
fainter secondary tail involved a long arc of the ecliptic, and 
there is little doubt that the Earth passed through this second* 
ary tail soon after the transit of the head- Nobody was incon¬ 
venienced, although certain newspapers had caused some 
apprehension by describing the possible dire effects of the 
poisonous gases of the tail. It is, in fact, inconceivable that 
so rare a gas could do any harm. The only effect observed 
near that time which might be attributed to the comet was a 
slight iridescence of the sky noticed by Barnard and others 
during daylight on May 19, A similar encounter with a comet 
took place on June 30, 1S61. An aurora was observed, but 
there is no special reason for connecting it with the comet. 


CHAPTER XIII 


THE LIGHT OF THE STARS 

The Study of Star Light—It is a noteworthy fact that our 
knowledge of the heavenly bodies has come to us entirely by 
way of a single sense—the sense of sight. We cannot touch 
them, or hear them, or taste or smell them. In the case of the 
stars, even the sense of sight is limited as compared with the 
case of the bodies of the Solar System, for the latter are near 
enough to be observed in detail by means of the telescope, while 
the stars are so distant as to appear only as 
points. The stars, however, afford an advan¬ 
tage in being self-luminous; and the study of 
the quality and quantity of their light reveals 
many facts concerning their nature. The pre¬ 
sent chapter is devoted partly to the analysis Fig. M9 TheOc- 

* 1 ■ * ULA R S KKC TRt )SCO I 1 

of star light by means of the spectroscope, and 

partly to the classification of stars according to the intensity of 

their light. 

Instruments of Stellar Spectroscopy.—On account of the 
faintness of the stars, a spectroscope to be used for their study 
must be attached to an astronomical telescope, the objective of 
which serves to concentrate the light into a small, bright 
image. Probably the simplest form of stellar spectroscope is 
the ocular spectroscope, which is simply a small prism, or 
more usually a direct-vision combination of prisms (page 146), 
that may be attached to the eyepiece of a telescope. The one 
shown in Pig. 149, a common form, is only a little more than 
an inch long. No slit is necessary* for this instrument; the 
diminutive image of a star, formed by the telescope objective, 
takes the place of the slit, the eyepiece forms the collimator, 
and no view-telescope is needed since the pencil of light that 
emerges from the prism is small enough already to enter the 
pupil of the eye. The resulting spectrum is as narrow as the 
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image of the star a mere line of colored light—and in order 
that dark lines may be seen it is necessary to broaden the 
spectrum by means of a small concave cylindric lens placed 
with the axis pf the cylinder at right angles to the refracting 
edge of the prism. This, of course, diminishes the intensity of 
the spectrum, and so cannot be applied to very faint stars If 
the spectrum contains bright lines, these can be well seen with¬ 
out the cylindric lens as bright dots which are monochromatic 
images of the star. The only advantage of the ocular spectro¬ 
scope over the types next to be discussed lies in the smallness 

of the prism, which renders the instrument light and inexpen¬ 
sive. 

The oldest form of star spectroscope is the objective prism 
which was first used in 1S23 by Fraunhofer. It is simply a 
prism placed in front of the objective of an astronomical 
telescope, the latter taking the place of the view telescope of 
an ordinary spectroscope. No slit or collimator is needed, since 
the star is only a point of light and is so distant that its rays 
are already parallel, When the instrument is used visually, as 
* raunhofer used it, the spectrum is broadened by a cylindric 
lens placed over the eyepiece. Much more commonly, it is used 
photographically, in which case the refracting edge of the prism 
is placed parallel to the equator (the telescope being mounted 
equatorially) and the driving clock is given a rate differing 
slightly from the sidereal rate, so that the spectrum is trailed 
upon the plate in a direction parallel to its lines. This broadens 
the photograph by any desired amount. When used with a 
photographic objective covering a large field, this type of 
spectrograph is extremely useful, as it records the spectra of 
many stars together on the same plate, so that they may be 
conveniently and rapidly classified (Plate 13.2). 

The chief drawback in the use of the objective prism is the 
fact that, as in the ocular spectroscope, no comparison spectrum 
can be employed. For the accurate observation of star spectra 
for the purpose of determining the wave-length of lines or the 
displacement due to radial velocity, a complete star spectro¬ 
graph, with a slit, is used in connection with an astronomical 
telescope. This instrument is similar to the prism spectro¬ 
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graph described in Chapter VII, but must be constructed with 
great rigidity to prevent flexure of its parts and guarded against 
changes of temperature during the long exposure necessary for 
photographing the spectra of faint stars, and must also be 
provided with a device for guiding the telescope so as to keep 
the star’s light within the slit. 

The arrangement of the optical parts of a star spectrograph 
and of the telescope to which it is attached is shown diagram- 
matically in Fig. 150. T is the objective of the astronomic 
telescope, S the slit, C the collimator, P the prism (two or more 
prisms are sometimes used in a train), and 0 the objective of 
the camera which focuses the spectrum upon the photographic 


T 



plate at F. The objective T forms no part of the spectro¬ 
graph, but performs the important duty of gathering a large 
amount of star light into a small image. In order that a 
maximum amount of the star s light may pass through the 
slit, it is necessary that the slit be kept accurately in the focal 
plane of the objective T. The slit might at first thought seem 
to be unnecessary, since the star image is so small; but without 
the slit-jaws the wandering of the star image due to “bad 
seeing" and imperfect guiding would, during an exposure of 
any length, blur the lines of the spectrum. Moreover, the 
slit is necessary for photographing the comparison spectrum. 
A change of temperature during an exposure would result in a 
change of the refractive index of the prism, and in contraction 
or expansion of the parts of the spectrograph, which would 
cause the spectrum to move on the plate and blur the spectral 
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ncs, and so the instrument is ordinarily inclosed in a felt- 
ned case which is provided with an electric thermostat that 
holds the temperature constant within a small fraction of a 
degree. For “guiding” the telescope, the jaws of the sht are 
made of polished metal and arc so placed as to reflect into a 
smal observing telescope placed just above them any part of 
the star s light that does not enter the slit, ft is the observer’s 
dut> so to control the main telescope as to keep this unused 
tg t a minimum throughout the exposure of the plate 
Light for the comparison spectrum is produced by an electric 
arc or spark between metallic terminals, or by a vacuum tube 
he source of light is placed beside the slit, and its light is 
reflected into the spectrograph by diminutive prisms placed 

onhc T Thc5131,8light “■ -s 

JL „ ' , be ‘ ween ,hc P nsms ' "d in the resulting photograph 

S the co™™” aPPea,S betW “ n twD idcnticaI ™P"ssio„s 
of the comparison spectrum. Measurement of the relative 

positron of star and comparison lines is made with a high degree 

of accuntcv- upon thc finished photograph under a mk-rascL 

form^of* T Vantag ® of Lhe sllt spectrograph over all other 

thuit omv 7 menl 8tUdyi " B SpeCtra lies in ^ fact 

tnat it provides a comparison spectrum. 

Tn Plate 13.i is shown the star spectrograph of the Lick 
Observatory, and, beneath it, a spectrogram of the star 
returns made with this instrument, with thc titanium spark 
as company n^nlarged to four times its original dimensions. 

Historical Outline of Stellar Spectroscopy.-Fraunhofer 
observed the spectra of a few of the brightest stars and 
recogmzcd that some of them, as Arcturus and Capella,’ were 

Stnr e 1 thC Sun ’ Wh ’ Ie ° thers ’ such as S ^us and 

Castor, showed only a few dark lines. In 1864, soon after 

KnchhofT and Bunsen had identified the spectra* of many of 

thc chemical elements, thc study of stellar spectra was taken 

up extensn-cly by Sir William Huggins in England and bv 

scot f ff ^ in ItaI >'- Huggins used the slit spectro- 

inXirst r 1 1 Udy ° f ab ° Ut a hundred stars - identifying 
their spectra the lines of many known terrestrial elements^ 

and so established the fact that these substances were widely 


1 





Plate 13*1 



The Mills Spectrograph attached to thc 36*inch Lick Refractor 



Spectrogram of a Boolis (Arcturus) with titanium comparison. Made with the 
Mills Spectrograph (enlarge! 4 limes?) 

























Plate 13.2. Objective-prism Spectrogram of a Star Field in- Carina 
Photographed at Harvard College Observatory (Arequipa station) 
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distributed .throughout the visible universe. Secchi, using an 
ocular spectroscope, examined the spectra of about four 
thousand stars in less detail, and divided them into four 
classes according to spectral type, a classification which is 
still found useful. In 1874, Vogel of Potsdam formed a new 
classification from the standpoint that the type of the star s 
spectrum indicated its stage of development—in other words, 
its age. Although Vogel's classification is no longer used, his 
idea that the spectral type indicates a period in the life- 
history of the star lies at the basis of all the other classifications 
that have been seriously proposed. In 1885, the photographic 
study of star spectra with the objective prism was begun by E. 
C. Pickering at the Harvard College Observatory, where it has 
been pursued assiduously ever since. A classification based on 
this study was formed by Miss Antonia Maury, and has since 
been superseded by one due chiefly to Miss Annie Cannon, who 
is responsible for the classification of about a quarter of a 
million stars. 

The Doppler-Fizeau principle was first applied to stars in 
1866 by Huggins, who derived an approximation to the radial 
veloeity of Sirius by visual measurements of the lines of its 
spectrum. In 1888 Vogel began making measurements of 
much greater accuracy by photography, and a few years 
later the photographic method was developed and applied 
extensively by Campbell at the Lick Observatory. Since 1900 
the study of stellar spectra in its different branches has been 
carried on vigorously by a number of large observatories in 
America and Europe. 

Secchi’s Classification.—Secchi’s four spectral types may be 
briefly described as follows: 

Type. I. Spectra continuous (as seen in Secchi’s instrument) 
except for four prominent dark lines, which have since been 
identified with hydrogen. Red part of spectrum relatively 
faint, so that the stars appear bluish or greenish. About half 
the stars examined by Secchi belong to this type, including 
Sirius, Rigel, Vega, and Castor. 

Type II, Spectra very similar to that of the Sun, containing 
many fine dark lines due mostly to metals. Stars of this type 
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XrtaR i f T* ^ ^ nUmcr0US ’ embradn g almost the 
half of the stars examined. Capella and Arc turns are 
examples, 

t , T> , pe , IIL ° n range 0r reddish stars - havin s spectra in which 
the hydrogen lines are inconspicuous and the metallic lines 

s ronger than m Type II, while superposed upon these lines 
are a number (at least eight) dark bands, each of which is 

hdes g n°r i n ^ Vi ° let end of the spectrum and 

fades out gradually toward the red. Secchi observed twenty- 

i^pld StarS ’ ° f WhiCh * HerCUHS and Bete1 ^ are 

three^T', 7*7 ^ sho ™% the metal!ic spectrum with 

rum/T^ a K , SUperp ° Sed (in the visible P a rt of the spec¬ 
trum), these bands, unlike those of Type III, aresharnon the 

redward side and fade out toward the violet. Secchi catalogued 

seventeen examples, of which the brightest is only bfrelv 

laSo^ofL ^ ” a bl ° 0d - red Star in the const el" 

SuDerba f L h Sa t 7 ^ ' ^ aCC ° Unt ° f its coIor - Secchi ca hed 

name of ’ r W 7 1mm by the Iess romantic 

ame of i j2 Schjellerup from its number in the catalogue of 

red stars prepared by the Danish astronomer 

tion 0 ofT™fv f daSS T in ,8 ^ Su ^ ested the addi- 

tion of Type V, to include the bright-line nebula, and the star, 

which, after Secchi's time, were d.scovered to exh,bit bright 

The Harvard Classification.-In the system evolved at 
Harvard, wh'ch is the one most commonly used by astronomers 

C K M N R s Se! v 7 deSigna ‘ ed by the letters 0 , B, A, F, 

ordfr’ but JL' 7 •? We 7 0r "f inally arra " gcd ia alphabetic 
'but «hich, as ideas of stellar evolution were modified 

were transposed to the order given above. Each divisS 

contains a number of subdivisions designated by small letters 

or numbers, as Ob and P 2 , and the complete description of the 

system as published in the Annals of the Harvard Observatory 

PagCS ‘ rt may be 0utlined as foUows: 
Uass O. All subdivisions except one (Oe 5 ) show faint con¬ 
tinuous spectra upon which are superposed bright bands 
I he hydrogen and helium lines are bright at the beginning^ 
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the class, but dark in the later subdivisions. Toward the end of 
the class appear the dark lines of the “Pickering” or‘T Puppis” 
series due to ionized helium. The bright line stars of this type 
are rare and are found only in the Milky Way. They are some¬ 
times referred to as Wolf-Rayet stars. 

Class B. Sometimes called Orion or helium stars. The most 
prominent features are the dark lines of hydrogen and helium; 
the H and K lines of ionized calcium are present but very weak. 
Prominent examples are Rigel, and many of the brighter stars 
of Orion, Scorpius, and Perseus. 

Class A. Hydrogen dark lines very strong, helium absent, 
H and K and the metallic lines increasing in prominence 
throughout the class. Examples: Sirius, Vega, Fomalhaut. 

Class F. H and K grow stronger than the hydrogen lines, 
and the metallic lines increase in prominence. Procyon is an 
example. 

Class G. The solar type of spectrum, characterized by 
numerous metallic lines and very strong H and K. 

Class M. Identical with Secchi’s third type, characterized 
by the bands noted by Secchi, each of which is sharp on the 
side toward the violet and fades out toward the red. These 
bands have been identified with titanium oxide. In sub¬ 
division Me, bright hydrogen lines appear upon the continuous 
spectrum among the dark lines. All stars of subdivision Me 
are variable in light. 

Class N. Identical with Sccchi’s Type IV, and characterized 
by dark superposed bands that are sharply defined on the red- 
ward side and are now known to be due to carbon monoxide 
and cyanogen—a reversal of the “Swan” spectrum produced 
by the blue base of a Bunsen flame. Violet end of spectrum 
extremely weak, making the stars very red. 

Class R. Lines and bands similar to those of Class N, but 
without the general darkening of the violet. “Blue N-stars.” 
Only, a few examples are known, and they are faint. 

A very few stars, very faint, which have spectra like those 
of Class M except that bands of zirconium oxide replace those 
of titanium oxide, are grouped together under the designation 
S. 
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m a cIassb y themselves, denoted by P. 
h _, 6 “■«*» of the different spectral classes mav be 
s “ y ° f the spcctra “*■ - iHuTtrLd 

Properties Which Progress Regularly Through th*> c e „* 

r^ re ^ r ‘ y4th ™ gh “ 

W.Jv e mtm,ity the d “ rk Balmcr lines of hydrogen 
These lines are weak in spectra of late O and R ^ 

strong in A, and gradually fade from A to M. ' Very 

■* m The mt ensity of the dark H and K lines of ionized cal¬ 
cium, which increases from O through C a n4 T 

i„ K after which it dcSsiowi^ ^ * 

a. s Jta r£T ° f th °f •* lineS ° f thc which begins 

, lh ® J? ty P e “ nd “««"• throughout thc series. ’ 

4- The relative intensity of the red and violet portions of 
the continuous background. The violet grows relativelv 
weaker throughout the series from O to M and thp rni \ 
the stars corresponds with their spectral type the O 1 
bc.ng bluest and the M stars reddest of X series T? 
effeettve temperature, as shown by the energy ~nf X 
continuous background of the spectrum *.i .■ f lhc - 
spectral type from about .Tooo^feX ,T o"'’* * ho 

about a,ooo° for the late subdivisions of M. stars to 

he Wolf-Rayet Stars and Stars of Classes R, N and S 

The v„ sl majority of stars whose spectra are known’bXLg'to 
ho classes from B to M, the properties of which were d S 

“ t,0n ' The othere ■« grouped as fol W 

of ClXn ' s , ayet S '“ rSl belonging to the lower subdivisions 
of Class O, and characterized by bright bands of great X’X 

as compared with the continuous background Ti “ K h 
apart from the other stars by the eSTof 
also by their very high temperature, which Plankett has placed 
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for certain of these stars at 40,000°. Wolf-Rayet stars are 
often found at the centers of the planetary nebulae, and their 
special characteristics a'so would seem to connect them with 
the gaseous nebulae. 



2. Stars of Classes R and N, which are similar to those of 
Classes K and M, respectively, except that they show the dark 
bands of cyanogen and carbon monoxide. They may be 
regarded as belonging to groups which branch off from thc 
main series. 



3. Stars of Class S, which form an additional branch, and 
differ from the M stars in the possession of bands of zirconium 
oxide instead of titanium oxide. 

The relationship of the different types as regards spectral 
properties is exhibited graphically in Fig. 151, and the relation 
of spectral type to color and temperature in Fig. 152. 
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number smtude ®*~ A stars magnitude may be defined as a 
hr,Vbf f n arbttrary scale that expresses the apparent 
ghLness of the star as compared with that of other stars 
J? ** USed , by astronomers the brightest stars are given 

• ^ parchus and ptoiem >- 

stars visible to the unaided eye mto six “magnitudes " describ 

~ * WGnty ° f the brightest stars as of the first magnitude 
and the stars just visible to the naked eye as of the sixth 

a1th!v C TS Catl ° n 18 preserved in m °dem celestial photometry 

ludHL SnTfiv 0 better reaSOn f0r SiX * 

cm stars than for five, or seven, or another number. The 
\ord magnitude, it should be noticed, here refers to brightness 
and not to size Two stars of the same size may differ greatly 

m magnitude if their temperatures or their distaneesTrSm the 
Earth are very different. 

, , attention seems to have been paid to the subject of 

. e mgb i, neSS of the stars from ^e time of Ptolemy until the 
nineteenth century ; for although the system of magn udes 
was extended to the telescopic stars, there was no ner 
agreement among different observers. In lg37 Sir Tohn 

“ C ,° m 'f rcd th0 Ii8ht of faint ***■ observed w/th a 
reflector of eighteen inches aperture, with that of bright stars 

curved with smaller aperttaw, and concluded that the av^e 
fir -magnitude star sends us about one hundred timeTS 
uch light as a star of the sixth magnitude. Pogson of Oxford 

stars rould h° tmS the 7 aUeSt aPenare witi which certain 
'■mslnh M r e" “” d com P arin S together the average 
agmtudes of these stars as estimated by various well 

no ? b became convinced that ea ch “magnitude" is 

about two and one-half times as bright as the next 

«£."* f * r ' s ~ - fe 

Psyehophysic Law which was suggested to the OemT 13 an , 1 “ a ™P te of the 
by the results of Herechel and pf™, ^ the German psychologist Pechner 

of a sensation vaSfc ^ 

stimulus that produces it must varv fn then the * ntensit y of the 

listens to three sounds l TT ^ ?- ? f?eo ? letnc Progression. Thus, if one 

b and c to be the same as’tha^betwe^ </ °- ! ° t,d . ness between 

of the intensity of c to that of b mint i« C t ^ Cn ln rea bty the ratio 
of ^ to a. The law holds for each of tt^n^ £fS£ 
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of sight and hearing, but is not rigorously true when applied to very feeble 
or very r powerful stimuli. 

The brightnesses of stars of the sixth, fifth, . . . first 
magnitude appear to be separated by a constant difference; 
measurement shows that they really bear a constant ratio, 
which Pogson found to be about 2.5. Let the exact value of 
this ratio be p. Then a fifth-magnitude star sends us p times 
as much light as a sixth; a fourth-magnitude star sends us p 
times as much as a fifth, or p- times as much as a sixth; a 
third-magnitude star p J times as much as a sixth, and so on. 
In general, if m and n represent the magnitudes of two stars, 
m referring to the brighter, so that the difference of magnitude 
is n - m, then the ratio of their brightness is ; or, repre¬ 
senting the light sent to the Earth by the two stars by l m 
and l n , respectively, 

But Herschel had found that a difference of five magnitudes 
corresponds to a ratio of 100; and this being a convenient 
relation, it was adopted as exact in the Pogson scale of magni¬ 
tudes, which is now universally used, so that p 5 = 100 and 
p = y/ 100 = 2.512 . . . 

The most convenient expression for the relation between 
magnitude and actual brightness is found by taking the loga¬ 
rithm of each side of the above equation, thus: 

log y= (n—m) log p. 

But the logarithm of v'ioo is exactly 0.4, hence, 
log Y =0.4 (n-m) 


or 


«- m = 2.5 log ~ = 2.5 (log l m - log O- 

Wi 


Fractional and Negative Magnitudes. — Since there are stars of 
practically all gradations of brightness from Sirius down to 
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the faintest star that can be perceived, it is of course necessary 
to express the magnitude of most of them by fractions. The 
scale of magnitudes is so adjusted that about half of Ptolemy's 
first magnitude ’ stars are brighter and half are fainter than 
what is now the standard first-magnitude star, which is repre¬ 
sented very nearly by Aldebaran and Altair. A star 


times as bright as this is of the zero magnitude, and the magni¬ 
tudes of the two stars Sirius and Canopus, which are brighter 
still, are negative. The magnitudes of the planets Venus and 
Jupiter and, at times, those of Mercury and Mars, must also 
be expressed by negative numbers; Venus becomes a little 
brighter than the —4th magnitude, which means that she is 
then more than one hundred times as bright as Aldebaran. 
The magnitude of the Sun is, according to Russell, -26.72. 

The Forty Brightest Stars.— The twenty brightest stars 


cl Cams Majoris (Sirius) 
a Argils (Canopus) 
a Ccntauri 
Of Lyrcc (Vega) 

□f Auiigae (Capdla) 
or Bootis (Areturns) 

£ Ononis (Rigel) Vl >4 

at Cants Minoris (Procyon) 0,4s 
a Hridani (Achemar) o,fx) 

0 Centauri 0 . 86 

or Aquik? (Altair) 0.89 


Mag* Sp* 


- ! 5« 
-0.86 
+ 0,06 
0.14 

0.2T 

O.24 

0-34 


Ao 

Fo 

Go 

Ao 

Go 

Ko 

B8 

F5 

B 5 

Bi 

A 5 


at Orionis (Betelgcuse) 
a Crucis 

a Tauri (Aldebaran) 
a Virginia (Spica) 

0 Geminorum (Pollux) 
a Scorpii (An tares) 
at Pisris Australis 
(Fomalhaut) 
or Cygfii (Deneb) 
or Leon is ( Regulus) 


Mag. 

Bp. 

1.0 


to 1.4 

M2 

1 05 

Hi 

1.06 

Ks 

1.21 

132 

1.21 

Ko 

1.22 

Ma 

1.29 

^3 

1-33 

A2 

1 -34 

B8 


This list of twenty includes all stars brighter than 
1.50. Between 1.50 and 2.00 there are twenty others 


0 Crucis 

a Go mi norum (Castor) 
y Crutis 
e Can is Majoris 
€ Ursa; Majoris 
7 Orionis (Bellatrix) 

\ Scorpii 

* Argils 

* Oriorris 
0 Tauri 


King, 

Sp. 

i-5« 

Bi 

I.S3 

Ao 

[. 60 

Mb 

r*63 

Bi 

• .68 

Ao 

! . 70 

B2 

.71 

B2 

74 

Ko 

75 

Bo 

73 

B8 


0 Argus 

or Trianguli Australis 
or Persd 
V Ursa; Majoris 
£ Orionis 
y Geminorum 
a Ursa; Majoris 
e Sagittarii 
6 Canis Majoris 
0 Canis Majoris 


magnitude 
as follows: 
Mag, Sp. 

t.8o 
1.88 
1*90 

1.91 

1.91 
i-93 
1-95 
*95 
1,98 

1 99 


Ao 

K2 

F5 

B3 

Bo 

Ao 

Ko 

Ao 

F8 

Bi 


Magnitude of Faintest Star Visible in a Telescope of Given 
Aperture. Observation shows that the faintest star visible in 


1 



4509 5009 5500 6009 6500 

1, Orion Nebula 2,Rigc1 (B8) 3,Sirius (Ao) ^Procyon(F5.) 
5Jhe Bun (Go) 6,Arcturus (Ko) 7,Betelgeuse (M2) S.Mira (M6) 

K H Hd* /J 



Plat e i % . 3 * Star S pectr a photographed at Detroi t Obscrvat ory (low or) 
and Lowell Observatory (upper) 
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Sl telescope of one-inch aperture is a star of the ninth magni¬ 
tude. Since the light-gathering power of a telescope varies as 
the square of the aperture, this star is a* times as bright as 
the faintest that can be seen in a telescope of o inches aperture. 
Hence, by substituting 9 for m, and a 1 for l m /l n in the equation 
connecting magnitude and brightness, we may obtain the 
magnitude, n, of the faintest star visible in a telescope of a 
inches aperture: 

« = 9 + 2.5 log a 3 
= 9 + 5 «• 

For example, since the logarithm of 10 is 1, the minimum 
visibile of a ten-inch telescope is 9 + 5 = T 4 - 1 h® logarithm of 

100 being 2, the minimum visibile of a one-hundred-inch tele¬ 
scope is 9+10= 19. Of course, although these numbers 
represent the magnitudes of the faintest stars that can be seen 
in the respective instruments, much fainter stars can be 
photographed, and some of the plates taken with the onc- 
hundred-inch telescope of the Mount Wilson Observatory 
show stars down to about the twenty-second magnitude. 

Enormous Range in Apparent Brightness of Stars.—Since a difference of 
five in the magnitudes of two stars corresponds to a hundredfold ratio of 
brightness, a first-magnitude star sends to the Earth 100 times as much 
light as a star of the sixth magnitude, 100 X *oo or 10,000 times as much 
as one of the eleventh, 100 X 10,000 or 1,000,000 limes as much as one of 
the sixteenth, and 100 X 1,000.000 or 100.000,000 times as much as one of 
the twenty-first. It would require at least 3,000,000.000 of the faintest stars 
photographed with the Hooker telescope to give us as much light as docs 
Sirius. On the other hand, since the Sun is more than twenty-five magni¬ 
tudes brighter than Sirius, the light of ioo a , or 10,000,000,000. stars as bright 
as Sirius would be no brighter than sunlight. 

Determination of Magnitude by the Method of Argelander. 

Probably the simplest method of observing stars for magnitude 
is that known as the method of Argelander from the name of 
the German astronomer who, in the middle of the nineteenth 
century, compiled the great star catalogue known as the Bonn 
Durchmusterung, giving the positions and magnitudes of about 
324,000 stars. The method consists of forming a "sequence” of 
the star to be measured and at least two other stars of known 
magnitude. The observation may be made with or without a 
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telescope, but the stars should be at about the same altitude 
and as near together in the sky as possible. It is best to find 
one comparison star just perceptibly brighter and one just per¬ 
ceptibly fainter than the star to be measured, but if this is 
impracticable, the proportion of brightness of the three stars is 
noted. Prom the known magnitudes of the comparison stars 
the desired magnitude can easily be determined by this method 
with an accuracy of a tenth of a magnitude. 

Photometers. — For the more accurate measurement of the 
light of stars, a number of different instruments known as 
photometers are in use. One of the simplest is the wedge 
photometer, which consists essentially of a wedge of dark 
glass inserted in the focal plane of the telescope, or between 
the eyepiece and the observer's eye. The observation is made 
by pushing the wedge into the beam of light until the star is 
extinguished or made equal to an artificial "star” formed by 
a small lamp shining through a pin hole. The star to be 
measured and a comparison star of known magnitude are thus 
observed in turn, and readings made on a scale which gives the 
thickness of dark glass traversed by the light. It can be shown 
on elementary physical principles that the difference of magni¬ 
tude between the comparison star and the star under measure¬ 
ment is proportional to the difference of the scale readings. 

Other important types arc the polarizing photometer, with 
which the great photometric star catalogues of the Harvard 
and Potsdam observatories were formed, and in which the 
apparent brightness of two stars (one of which may be artificial) 
is equalized by passing the light of one or both through a 
system of polarizing prisms; and the photo-electric photom¬ 
eter, which is based on the principle that, when light falls 
upon the surface of certain metals such as sodium, potassium, 
and caesium, the metal gives off negative electrons and so 
acquires a positive charge which can be measured with an 
electrometer. The photo-electric photometer is capable of 
great accuracy, being reliable to about a hundredth of a mag¬ 
nitude. 

Photographic Photometry. — The use of star photographs for 
determinations of relative brightness was begun in 18^7 by 
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G. P. Bond at the Harvard Observatory, and the method has 
been extensively used at Harvard and other large observatories. 
It has the advantage that the resulting magnitudes are not 
affected by individual peculiarities of vision, and the great 
further advantage that it can reach much fainter stars than 
the visual methods. 

The most commonly used method is the one developed by 
E. C. Pickering at Harvard and known as the method of 
sequences. A list of stars in some readily accessible region, 
such as the Pleiades or the vicinity of the north pole, is chosen 
so that their magnitudes form a graduated series, and these 
magnitudes are determined with great care. A photograph of 
these stars is then compared with a photograph of the stars to 
be measured, preferably taken on the same plate, and the un¬ 
known magnitudes found by interpolation in the sequence. In 
making the comparisons, both the size and the density of the 
images are taken into account. The standard North Polar 
Sequence formed at the Harvard Observatory contains ninety- 
six stars, ranging from the second to the twenty-first magni¬ 
tude, and located within two degrees of the 1900 position of the 
North Pole. 

Color Index. — Since the eye is most sensitive to yellow light 
while the ordinary photographic plate is most sensitive to blue, 
a red star appears fainter, relative to a white one, on a photo¬ 
graph than in the sky. This is very noticeable in the photo¬ 
graph of the constellation Orion reproduced in Plate 17-3, where 
any one familiar with only the visual appearance of the con¬ 
stellation may have some difficulty in identifying the red star 
a Ononis because of its faintness, although to the eye it appears 
quite comparable to Rigel. Because of this difference of sensi¬ 
tiveness to different colors, it is necessary to express magni¬ 
tudes determined photographically and those determined 
visually on different scales. The number found by subtracting 
the visual magnitude from the photographic may be regarded 
as a measure of the redness of the star, and is called the color 
index. The color index, of course, varies with the spectral 
type, and it is generally agreed to consider the color index of 















088 


ASTRONOMY 


the white Ao stars as zero and that of the K stars as unity; 
the resulting values for the principal types are: 

B A F G K M 

-0.24 0.00 +0.28 +0.56 +1.00 +1.35 

Photovisual Magnitudes.—By using special plates, sensitive 
to the yellow and red, together with a suitable screen, a com¬ 
bination may be formed for making photographs in which the 
relative sensitiveness to light of different colors is about the 
same as that of the eye. Magnitudes determined from such 
photographs are known as photovisual magnitudes. The 
method has the advantages of the regular photographic method, 
and at the same time the results are expressed in terms of the 
visual scale.. The. approximate spectral type of stars too faint 
for observation with the spectrograph may be determined by 
comparing their photographic and photovisual magnitudes 
which gives their color index. 

The Measurement of Total Radiation.-The most complete 
way to compare one star with another is to measure their 
total radiation, including ultra-violet, visible, and infra-red 
rays. Many attempts have been made to do this with different 
forms of radiometers and the greatest success has been 
attained by the use of the vacuum thermocouple in the hands 
of Coblentz and Lampland at the Lowell Observatory and of 
Nicholson and Pettit at Mount Wilson. The thermocouple 
consists of a junction of two metals such as bismuth and 
p atinum. If the free extremities of the two pieces of metal 
arc connected through a galvanometer, an electric current 
may be detected in the circuit when radiation falls upon the 
junction, and the strength of this current is proportional to 
the intensity of the radiation, which may therefore be measured 
by reading the galvanometer deflection. In the instrument as 
used for the study of the stars, the couple is made very small- 
the receiver upon which the light falls is only a small fraction of 
a millimeter in diameter—and is inclosed in a vacuum chamber 
to prevent loss of heat by convection in the surrounding air 
and the receiver is placed in the focal plane of a large telescope! 

I he telescope must be a reflector since the glass lenses of a 
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refrfictor absorb radiation of certain wave-lengths more strongly 
than that of others. As used with the 100-inch Hooker tele¬ 
scope, the instrument is sufficiently sensitive to detect the heat 
of a candle 120 miles away. 

The difference of the “radiometric” and visual magnitudes 
of a star is called the star’s heat index. The heat index of 
Ao type stars, like their color index, being taken as zero, that 
of the red stars, whose radiation is relatively more intense in 
the infra-red, amounts in some cases to several magnitudes. 













CHAPTER XIV 


THE DISTRIBUTION, LUMINOSITIES AND DIMENSIONS 

OP THE STARS 

The Clustering of Stars.— In addition to the artificial group¬ 
ing of stars to form the constellations, there is, in certain 
regions of the sky, a natural grouping. The Pleiades form a 
fine cluster of stars in which seven are easily visible to the 
naked eye, four more may be seen without optical aid on an 
exceptionally clear, moonless night, and several hundred stars 
and some great masses of nebulosity are revealed by the tele¬ 
scope and on photographs (Plate 14.i). Other examples cf a 
clustering of naked-eye stars are the Hyades, Coma Berenices, 
and the region of the Belt of Orion. Praesepe Cancri, which to 
the eye appears as a small luminous cloud, is resolved into 
stars by a low-power field-glass, and the two condensations in 
the Milky Way which were designated by Bayer as h and x 
Persei (Plate 14.1) are shown by a small telescope to be 
magnificent clusters of eighth-magnitude stars. 

Further increase of optical power reveals star-clusters 
ranging in condensation through the open clusters to the 
globular clusters. Photographs of the latter made with modem 
reflectors show many thousands of stars, arranged in an approxi¬ 
mately spherical group with density decreasing gradually out¬ 
ward, covering a region several minutes of arc in diameter. 
About a hundred are known, mostly in the constellations of 
Argo, Centaurus, Sagittarius, and Ophiuchus, between galactic 
longitudes 235 0 and 5 0 . All are near the Milky Way, but none 
are in the midst of it; they are almost completely absent in 
galactic latitudes — io° to +io°. The open clusters are much 
less densely populated with stars than the globular clusters, 
their shape is more irregular, and their apparent size usually 
greater, and many of them contain nebulosity, which none of 
the globular clusters do. Some of the finest globular clusters 
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are M 13 Herculis, M 22 Sagittarii, and 47 Tucanae (Plates 
14.2 and 14.4). Good examples of open clusters are h and x 
Persei, Praesepe, and M 11 Scuti. 

The Milky Way. —Almost imperceptible to city dwellers 
through the illumination of the sky by artificial light, in 
country places and at sea the Milky Way or Galaxy merits 
Milton’s description of it as 

A broad and ample road whose dust is gold 
And pavement stars. 

To the naked eye it appears as a band of soft, misty light 
encircling the sky; but even a small telescope, as Galileo dis¬ 
covered, shows it to be made up of myriads of stars. Larger 
telescopes, and especially photographs, show it to contain 
also many large diffuse nebula:, both luminous and dark. 

The central line of the Milky Way is almost exactly a great 
circle of the celestial sphere (the galactic circle) which crosses 
the celestial equator in right ascension 6 h 44™ and i8 !l 44 m at 
an angle of about 62°, the galactic poles being situated in the 
constellations of Coma Berenices and Cetus. In the latitudes of 
the United States, at about 12 11 of sidereal time the Galaxy lies 
so near the horizon that it is scarcely visible, while at 5*' and 
2i h it passes near the zenith. It is most conspicuous in the 
evening during autumn. 

The Galaxy reaches its greatest north declination in Cassio¬ 
peia and its greatest south declination in the Southern Cross. 
Its boundaries are very irregular and indefinite; its width 
varies from about 5 0 to 30° or more. In Auriga, Orion, 
Monoceros, Canis Major, and Argo (galactic longitude 140° to 
240°), it is broad and faint. It is bifurcated in Cygnus, a 
branch extending southward on the west side into Ophiuchus. 
The brightest part lies in Sagittarius, Scorpius, and Scutum 
(galactic longitude 310° to o°). 

In many parts of the Milky Way, particularly in Sagittarius, 
Scorpius, Scutum, and Cygnus, there are great bright conden¬ 
sations or star clouds which in a clear sky are very conspicuous 
to the naked eye and in which photographs by Barnard, 
Bailey, and others have revealed hundreds of thousands of 














292 


ASTRONOMY 


stars in masses and streams interspersed with dark lanes and 
occasional luminous nebulae (Plates 14*3-6). In many parts 
also occur dark rifts which are visible to the naked eye; the 
most famous of these is the coal sack in the Southern Cross* 

The Belt of Bright Stars.—It was pointed out by Sir John Herschel and 
emphasized by Gould that a belt of bright stars, containing many of the 
brightest in the sky, intersects the Galaxy in Cassiopeia and Crux at an 
angle of about 20° and traverses Orion, Canis Major, Argo, Centaurus, Crux, 
Lupus, Scorpius, T aunts, Perseus. Cassiopeia t Cepheus. Cygnus, Lyra, Her¬ 
cules, and Ophiuchus. This belt contains practically all of the bright B-type 
stars. The numerous first-magnitude stars contained in that portion ex¬ 
tending from Perseus to Canis Major are probably responsible for the often- 
expressed opinion that the skies of winter are dearer than those of summer; 
it is not, however, the clearness of the winter sky but the brightness of the 
winter stars that gives this impression. 

The Magellanic Clouds.— About 20° from the South Pole 
and hence always invisible in the latitudes of the United 
States lie the nubecula or Magellanic clouds, named for the 
great Portuguese navigator. To the naked eye they appear 
like detached portions of the Milky Way, and the telescope 
shows them to be composed of stars and nebulae. The Nubecula 
Major or Greater Cloud is about 7° in diameter, and is 
situated near the border of Dorado and Mensa. The Lesser 
Cloud (Plate 14.4), which is less than 4° in diameter, lies 
between Hydrus and Tucana. Their brightness, according to 
Sir John Herschel, 1 “may be judged of from the effect of strong 
moonlight, which totally obliterates the lesser, but not quite 
the greater.” 

Star Catalogues. —The stars are so numerous that progress 
in our knowledge of them depends largely upon statistical 
studies. For this purpose, it is necessary' that the results of 
observations of many stars be gathered together in a single 
work. A star catalogue is a list of stars giving for each its 
apparent position (usually expressed as right ascension and 
declination), its magnitude, and such other particulars as may 
serve the special purpose of the compiler. 

The earliest star catalogue is believed to have been made by Hipparchus 
about 150 b.G. No copy of it is now in existence, but the catalogue of 

1 Outlines of Astronomy, p. 515, 1857. 



The Pleiades, photographed by Barnard with 10-inch lens at Ycrkcs Observatory 





The two clusters k and x Persei, photographed by Duncan with 60-inch Reflector, 
1921 March 10. Exposure, 13 minutes 









Plati-: i 4.2. Globular Star Clusters Photographed with the 6o-inch Mount Wilson Reflector 




M 13, 1910 June 6-7-8. Exposure 11 hours M 32,1918 August 6. Exposure 3K houra 

(Ritchey) (Duncan) 
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Ptolemy, contained in the Almagest, is supposed to be derived from it* 
Ptolemy’s catalogue contains 1,030 stars and gives their magnitudes, their 
latitudes and longitudes, and their positions in the constellation figures. 
The latitude or longitude of some of the stars is in error by as much as a 
degree } but the work is invaluable as a description of the ancient constella¬ 
tions. Other catalogues of about the same extent as Ptolemy’s were formed 
by the Persian Al-Sufi during the tenth century, by Ulugh Beg of Samar- 
cand during the fifteenth, and by Tycho Brahe in 1580. A supplement to 
Tycho’s catalogue, which extended it to the South Pole, was published by 
Halley in 1677. In 1601 Bayer, who introduced the Greekdetter designa¬ 
tions of stars now so commonly used* published a set of maps of the con¬ 
stellations with a list of the stars in each constellation on the back. Heve- 
lius, in 1690, published the first catalogue containing telescopic stars. 

Modern star catalogues are very numerous and extensive. 
Most of them give the visual magnitudes of the stars, their 
right ascensions and declinations referred to a designated 
epoch, and values of the precession and sometimes of its rate 
of change; and some give other data, such as spectral type, 
photographic magnitude, etc. 

One of the most important is that known as the Bonn 
Durchmusterung (abbreviation R. D. or I). M.) published by 
Argelander, which contains more than 324,000 stars down to 
magnitude 9.5 between the North Pole and — 2 0 declination, 
arranged in zones corresponding to every degree of declina¬ 
tion, The right ascensions arc given to tenths of seconds of 
time and the declinations to tenths of minutes of arc, and all 
positions are referred to the equinox of 1855.0. This work is 
continued to declination — 22 0 in Schonfeld’s Southern Durch¬ 
musterung, 

A much more accurate catalogue is the Preliminary General 
Catalogue of Boss* which gives, for the epoch 1900.0, the posi¬ 
tions of 6,188 stars. The right ascensions are given to the 
thousandth of a second of time, and the declinations to the 
hundredth of a second of arc. These stars lie in all parts of the 
sky from the North Pole to the South. 

Of catalogues giving information of special kinds may be 
mentioned the Henry Draper Catalogue published by Miss 
Cannon of the Harvard Observatory, which gives the visual 
and photographic magnitudes and the spectral types of 225,000 
stars in all parts of the sky', together with their approximate 
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positions for 1900.0; Burnham’s Catalogue of Double Stars, 
which contained over 14,000 double stars when published by 
Burnham of Yerkes in 1906, and which is being about doubled 
in size by Aitken of Lick; and Dreyer’s New General Cata¬ 
logue of nebulae and star clusters (abbreviated N. G. C.) 
which, together with its appendices the Index Catalogues, 
gives positions and descriptions of more than 13,000 nebulae 
and star clusters. 

Number of Stars of Different Magnitudes.—The stars 
brighter than the ninth magnitude have been catalogued and 
counted. Table 14,1 gives the total number of stars brighter 
than each visual magnitude as determined at Harvard (the 
numbers cannot be given with perfect precision because of 
the variability of certain stars and the fact that many lie near 
the border line between two magnitude-classes): 


Table 14.1 


Limiting visual 
magnitude 

Total number of 
stars 

Ratio 

2 

40 


3 

i 35 

3-4 

4 

450 

3-3 

S 

1,500 

3-3 

6 

4,800 

3-2 

7 

15,000 

3 -i 

8 

46,000 

3 - 1 

9 

134,000 

2.9 


By a laborious investigation of the number of stars in sample 
regions of the sky, photographed principally with the six ty - 
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inch Mount Wilson reflector, Seares and van Rhijn have formed 
curves and tables giving the numbers of stars down to the 
twenty-first photographic magnitude in different galactic 
latitudes and to the twentieth visual magnitude for the whole 
sky. From their curves are derived the numbers in Table 


14.2, which extends the 

table given above: 



Table 14.2 


Limiting visual 

Total number of 

Ratio 

magnitude 

stars 


7 

14,300 

2.9 

8 

41,300 

2.8 

9 

117,000 

2.8 

10 

324,000 

2.7 

11 

86S,ooo 

2.6 

12 

2,260,000 

2-5 

13 

5,700,000 

2.4 

14 

13,800,000 

2-3 

15 

32,000,000 

2.2 

16 

70,800,000 

2.1 

17 

148,700,000 

2.0 

18 

296,000,000 

T -9 

19 

560,000,000 

1-7 

20 

1,000.000,000 
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The numbers for the last three or four magnitudes are of course 
extrapolations. 

From the first of these tables we find that the number of 
stars visible to the naked eye is about five or six thousand; 
but since only half the celestial sphere is visible at one time and 
the faint stars are extinguished by atmospheric absorption 
when several degrees above the horizon, two thousand is a 
liberal estimate of the number that are visible at one time even 
under the best conditions. The total number down to the 
twentieth magnitude, which is about a magnitude fainter than 
can be perceived by the eye at the one-hundred-inch tele¬ 
scope, appears to be about 1,000,000,000. 

The Total Number of Stars. — The most significant thing 
about the numbers in the above tables is the ratio of each to 
its predecessor, which is printed in the third column. This 
ratio diminishes as fainter stars are added, and apparently 
would become unity before reaching the thirtieth magnitude. 
This would mean that the total number of stars brighter than 
the thirtieth magnitude is the same as the total number 
brighter than the twenty-ninth — that is, that there are no 
stars so faint as the thirtieth magnitude. The total number of 
stars (exclusive of globular clusters and nebulae) is estimated 
from the numbers in Scares’ table to be of the order of thirty 
or forty thousand million. 

If the stars were all of the same actual brightness, their differences of 
magnitude being due to difference of distance only, their apparent bright¬ 
ness would lie inversely as the square of their distance; that is, each star 
of magnitude it would lie \/p times as far away as one of magnitude « — 1 
where p is the light-ratio (page 283), All stars brighter than the »th mag¬ 
nitude would be contained in a sphere of radius Vp times the radius of the 
sphere containing stare brighter than the (« — i)st magnitude, and the 
volume of the larger sphere would be y/p* times the volume of the smaller. 
If, further, these stars of uniform intrinsic brightness were distributed uni¬ 
formly through space, the number of stars brighter than the wth magnitude 
would tie to the number of those brighter than the (« - i)st as the volume 
of the larger sphere is to that of the smaller. Now, p being equal to 2.512 ..., 
Vp 5 is very nearly equal to 4. Therefore, the fact that the ratio of succes¬ 
sive numliers in Tables 14.1 and 14.2 is less than four shows that the stare 
are not uniformly bright liodies distributed uniformly throughout infinite 
transparent space. 

Although there is known to lie a vast range in the intrinsic brightness of 
stars, yet in dealing with great multitudes the numbers in different magni- 
































Plate 14.4 



The Keyhole Nebula in Carina, photographed by Bailey 
at Arequipa with 13-meh telescope, 1894 May 25-28. 
Exposure 13 hours 44 minutes 



The Small Magellanic Cloud and the Globular Star Cluster 47 Toucanai, 
photographed by Bailey with 24-inch telescope at Arequipa, 1898 
November 10. Exposure 5 hours 
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tude-classes should still depend upon their distribution. The observed cor¬ 
relation between number and brightness might t>e due to an at>sorbing 
medium which occults the more distant stars. It is known that absorbing 
material—dark nebulae, dark stars, planets and meteors — does exist, but 
its quantity is not generally considered great enough to account for the 
diminishing ratio of the fainter stars. 

The most probable explanation of the diminishing ratio is that we are in 
the midst of a vast but finite aggregation of stars— say, 40,000,000,000 of 
them—which form a system—the Galactic System—separated from all other 
bodies or systems by distances which are great in comparison with its di¬ 
ameter* Whether this system is associated with others to form a larger 
system — a super-galaxy — and whether super-galaxies form still larger units 
ad infinitum, is a matter for conjecture. 

General Distribution of Stars with Reference to the Milky 
Way. — Counts of stars, both bright and faint, in different 
parts of the sky show that the star density, or average number 
of stars per square degree, is greatest near the galactic circle 
and in general diminishes with increasing galactic latitude. 
Systematic study of this kind was begun in the latter part of 
the eighteenth century by Sir William Herschel by the method 
called by him "star gauging,” which consisted in counting the 
stars visible in an eighteen-inch reflector having a field 15' in 
diameter. He made 3,400 "gauges," and his son Sir John 
made 2,300 more with the same telescope in the southern 
hemisphere. Their work has been confirmed and extended by 
% 

Table 14.3 

AVERAGE NUMBER OF STARS PER SQUARE DEGREE, BRIGHTER 
THAN PHOTOGRAPHIC MAGNITUDE tH, IN DIFFERENT 
GALACTIC LATITUDES <p 


m 

ip — o° 

ip — IO° 

ip — 20° 

0 

0 

ro 

11 

9- 

<p = 5 0& 

ip ~ 8o ° No/Nso 

5 

0.045 0,038 

0.028 0,022 0.0l6 0.013 

3-3 

7 

0.36 

0.30 

0.22 

0.17 

0.13 

O.II 

3-4 

9 

2.8 

2.3 



o -95 

°*75 

3*7 

11 

21 

16.3 

11.6 

9.1 

6.2 

4-5 

4*7 

13 

146 

108.5 

74 

34*5 

35 

22.5 

6*5 

15 

910 

660 

400 

270 

?54 

92 

9*9 

17 

4,800 

3.500 

1*820 

1*090 

55 ° 

300 

16.0 

19 

21,000 

15,100 

6,900 

3*400 

1.545 

820 

25.6 

21 

74,000 

5 2 f OOO 2 1,000 

8*700 

3 . 50 ° 

1,800 

41.1 
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others, the most recent results being those of Seares and 
van Rhijn, from whose “smoothed curves 1 * are taken the data 
of Table 14.3* This table gives, for certain values of galactic 
latitude the average number per square degree of all stars 
brighter than photographic magnitude m. In the last column 
is given the ratio of the star density on the galactic circle itself 
to that io° from the galactic poles* The increase of star 
density toward the Milky Way, especially for the very faint 
stars, is sufficiently evident* 

Galactic Concentration and Spectral Type* —Studies in the distribution of 
stars of different spectral type, especially those made at Harvard from the 
data of the Henry Draper Catalogue, show marked differences in galactic 
concentration* It is found that, for stars brighter than magnitude 8.25, 
there is little or no galactic concentration of F and G stars, that the K 
stars are concentrated only moderately toward the Galaxy, and that the 
concentration of A and especially of B stars is very marked indeed. Dif¬ 
ferent degrees of concentration are shown by the M stars of different mag¬ 
nitudes and different sub-types. While the brighter M stars show little or 
no galactic concentration, that of the faint Ma and Mb stars is strongly 
marked* 

The Form of the Galactic System* — The first noteworthy 
speculations on the structure of the universe appear to have 
been published in 1750 by Thomas Wright, a scholarly English 
amateur* His idea was advocated and developed by Hersche! 
and is strongly supported by Hcrschel’s “star gauges” and by 
the counts of stars made by subsequent observers* It is 
evident, as Wright suggested, that the region of space which 
contains the majority of stars visible as such in our telescopes — 
that is, the galactic system — is shaped generally like a disk with 
a diameter several times its thickness, or like two saucers 
placed rim to rim and bottom outwards; and that the Solar 
System is far inside this disk* Looking toward its rim we see 
vast numbers of stars (the Milky Way), most of which are 
exceedingly faint because of their great distance. Looking in 
either direction at right angles to its plane (toward either 
galactic pole) we sec fewer stars and especially fewer very 
faint stars, because the stars which we do see in these directions 
are relatively near* 

The bifurcation of the Milky Way and the irregularities of 
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its structure are due, according to Hersche], to irregularities 
in the form of the disk or in the distribution of the stars; 
and he suggested the cross-section of the Galactic System shown 
in Fig* 153* According to a theory proposed by Easton of 
Rotterdam in 1900, the Galactic System has the form of a fiat 
spiral similar to that of many spiral nebulae* A plan of this 



Fig* 153. Cross-section of Herschiu/s Galactic System 


hypothetical system is shown in Fig. 154. At present we have 
not sufficient data to decide between these two theories or to 
verify either in detail. In either case the Solar System and its 
stellar neighbors, probably including all the members of 
Gould’s belt of bright stars (page 292), form no more than a 
small local knot or condensation in 
the vast galactic assemblage. 

The Distances of the Stars De¬ 
termined by Their Heliocentric 
Parallax.—The relation between 
the distance of a star and its 
heliocentric parallax was pointed 
out on page 90. The heliocentric 
parallax may be most simply de¬ 
fined as the angle subtended at 
the star by the semidiameter of 
the Earth’s orbit, and this angle 



imrorcplu nrnnnrtvinntll t.O t.hf^ 


Fig. 154. Flan of the Galac¬ 
tic System according to 
Easton 


star’s distance* One second of arc is the angle subtended by 
any line at a distance 206,265 times its length* A star which 
has a parallax of one second is therefore at a distance of 206,265 
astronomical units, one with a parallax of onc-half a second is 
twice as far away, one with a third of a second three times as 
far, and so on, A star’s distance may therefore be determined 
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by measuring its parallax, the method being in fact a triangu¬ 
lation (page 82) in which the base line is the radius of the 
Earth s orbit. Great as this base line is, it is very small com¬ 
pared with the distance of even the nearest star, and the de¬ 
termination of star distances is very difficult because of the 
slenderness of the triangle. 

Success in detecting parallactic displacement in a star was first attained 
almost at the same time about 1858—by three different observers: Bessel, 
in Germany, who measured 61 Cygni; Struve, in Russia, who chose Vega; 
and Henderson, at the Cape of Good Hope, who observed a Centauri. Hen¬ 
derson measured the star’s right ascension and declination with a meridian 
circle at intervals throughout the year, and studied the variation of these 
co-ordinates; but the corrections for precession, nutation, and aberration 
are enormous as compared to the quantity which he sought, and moreover 
the instrumental corrections are mingled with the parallax because, like it, 
they have a yearly period. The alternative method, which was used by 
Bessel and Struve and is now adopted by all parallax observers, consists of 
measuring the apparent distance of the star under investigation from a 
number of comparison stars which are very near it in the sky. Since all 
these stars are affected by precession and the like in the same way, and since 
the great majority of stars which are likely to be used as comparison stars 
are so far away that their parallax is insensible, this “differential” method 
gives the parallactic displacement free from the troublesome corrections to 
which the “absolute” method of Henderson is subject. 

At the bottom of Pig. 155 is represented the orbit of the 
Earth. A, 13 , and C are neighboring stars which, seen upon 
the background of very distant stars at the top of the drawing, 
seem to reflect the Earth s motion in tiny parallactic ellipses. 
The nearest star, A, appears to move in the largest ellipse. 
The background stars are so remote that their parallactic 
ellipses dwindle to points. Of course the size of the Earth’s 
orbit relative to the distance of the stars is, in the drawing, 
grossly exaggerated. 

Throughout the nineteenth century parallax measurements 
were made either with the filar micrometer or with the helio¬ 
meter, an instrument of great accuracy devised by Fraunhofer 
for measuring the diameter of the Sun. These methods were 
extremely laborious, and at the beginning of the twentieth 
century the distances of less than a hundred stars were known. 
Parallaxes arc now determined almost entirely by measure¬ 
ments of photographs taken with long-focus telescopes, a 





Plate 14.5. The Milky Wav in the Reoion or the Southern Cross, 
photographed by Margaret Harwood at Arcquipa uith I-inch lens, 1923 
May 12-13-18. Exposure u hours 39 minutes. The Cross is upright near 
the centre of the plate and below it is tlie Coal Sack. The Stars y and 5 Cruris 
appear relatively faint because of their yellow color. ^ The bright stars near the 
left edge of the plate are a and Centauri 















Plats 14,6. The Milky Way in Opeiuchus 




I he Milky Way near 0 Ophiucbi, photographed by Barnard with jo-inch lens 
at Yerkes Observatory 


The dark S-shaped nebula near the centre of the upper plate photographed by 
Duncan with 100-inch Hooker Reflector 
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method introduced by Schlesinger at the Yerkes Observatory 
about 1903. At the present time (1926) nearly two thousand 
parallaxes have been measured with considerable certainty. 



Units of Stellar Distance—The Earth’s mean distance from 
the Sun, which is convenient as an astronomic unit of distance 
when applied to the Solar System, is much too small for use 
between stars. A unit which brings vividly to mind the colossal 
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distances involved is the light-year, which is the distance over 
which light travels in a year. Since light travels rS6,ooo miles 
a second and there are 31,500,000 seconds in a year, the pro¬ 
duct of these two numbers gives the number of miles in a 
light-year. It equals about 63,000 astronomic units, and bears 
about the same ratio to the astronomic unit as the mile to the 
inch. The distance of a star having a parallax of one second 
would'be 206265-7-63000 = 3.26 light-years. The distance 
of any star whose parallax is p seconds is 3.26/p light-years. 
The parallax of the nearest star being about three quarters ol 
a second, its distance is 3.26 ~ ^ = 4.3 light-years. 

For many purposes, a more convenient unit is the distance 
which a star would have if its parallax were 1". As a name for 
this unit, English astronomers have invented the monstrous 
word parsec. The Germans call it Sternweite. A parsec is 
equal to 3.26 light-years. 

Absolute Magnitude and Luminosity.—The apparent bright¬ 
ness of a star depends upon both its intrinsic brightness and its 
distance. If both the apparent magnitude and the distance are 
known, it is easy to calculate the intrinsic brightness. This is 
indicated by the absolute magnitude, which is defined as the 
apparent magnitude which the star would have if removed to 
a distance of 10 parsecs. 

Let /„ be the intensity of light which we receive from a star 
whose parallax is p seconds, and h the intensity of the light 
which we should receive from the same star if it were situated 
at a distance of 10 parsecs— i.e., if its parallax were o!i. Since 
the intensity of a star’s light is inversely proportional to the 
square of its distance, while its parallax is inversely proportional 
to the distance itself, we have 

h/U “ p 2 /(o.i) 2 = loop 2 . 

But the difference of magnitude of two stars (or of the same 
star at different distances) is equal to 2.5 times the logarithm 
of the ratio of their brightness—that is, representing by m the 
star’s apparent magnitude and by M its absolute magnitude 
and substituting in the equation on page 283, 
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M — m = 2.5 log ioop 2 

= 2.5 (log 100+2 log p) 

= 2.5 (2 + 2 log p); 

or, very simply, 

M = m + 5 + 5 log p. 

It is of great interest to compare the intrinsic brightness of the stars 
about us with that of the Sun. The luminosity of a star is defined as the 
ratio of the amount of light which we should receive from it to the amount 
which wc should receive from the Sun if both star anil Sun were removed 
to the same distance from us, say. ten parsecs. Representing the lumi¬ 
nosity by L and the absolute magnitudes of Sun anil star by 5 and M, re¬ 
spectively, the fundamental equation (page 283) gives 

log L = 0.4 (5 — M). 

The absolute magnitude. 5 , of the Sun, is computed as follows: If jc be 
the number of astronomic units in ten parsecs, the Sun would, if removed 
to that distance, lx: only i/.r 2 as bright as now; hence, if s and 5 be the 
apparent and absolute magnitudes of the Sun, 

S - s = 2.5 log .r 2 . 

The value of * is 63.000 X 32.6, and that of s (page 284) is - 26.72. Com¬ 
puting by logarithms from these values, it is easily found that S = + 4.85; 
hence, the luminosity of any star of absolute magnitude M is given by 

log L = 0.4 (4,85 - M) 

= 1.94 — O-i A/. 

The Nearest Stars. — In Table 14.4 is given a list of the 
twenty-three stars (counting each double star as one) which are 
known to have parallaxes as great as 0^20 and therefore to be 
within 16.3 light-years of the Solar System. Their distances 
are exceedingly impressive. The nearest star, a Centauri, is so 
remote that its light requires more than four years to reach us, 
whereas the light of the Sun is only eight minutes on the way. 
The distance of this star is more than 275,000 astronomic 
units, and more than 4,600 times the diameter of the orbit of 
Neptune. If the Sun be represented by a plum an inch in 
diameter, a Centauri will be represented by a pair of plums 
500 miles away. Proxima would be a speck about 20 miles from 
the pair of plums. The most distant stars in the table would 
be about 2,000 miles away. 

No other stars are known to be so near us as these twenty- 
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three. The smallest parallaxes that can be detected with 
certainty are probably about o. "oi, corresponding to distances 
of about 325 light-years. Not one star in a thousand of those 
which can be observed in our large telescopes is so near us 
as this. 

The luminosities are not less interesting than the distances. 
Only four stars of the twenty-three — Sirius, Altair, Procyon, 
and a Centauri — are intrinsically as bright as the Sun; the 
others are feeble dwarfs. These, however, are not good samples 
of the visible stars, for such a star as Proxima, for example, if 
removed to a distance of 300 light-years, would be quite 
invisible in any existing telescope. On the other hand, most 
of the lucid (naked-eye) stars are much more remote and more 
luminous than any in the table. If the Sun were removed to 
the distance of Altair it would be only just perceptible to the 
naked eye. 

Spectral Criterion of Luminosity. — It was discovered by 
Adams and Kohlschutter at Mount Wilson in 1914 that the 
relative intensity of certain lines in star spectra of the F, G, K, 
and M types differed in the spectra of stars of different lumi¬ 
nosity. By a study of these slight but unmistakable differences 
in the spectra of stars whose absolute magnitude could be 
determined from their measured parallaxes, curves were 
formed which correlated the relative intensity of the “magni¬ 
tude lines” (certain lines of hydrogen, calcium, strontium, and 
iron) with the stars' absolute magnitude. These curves then 
give the absolute magnitude of any star whose spectrum can 
be distinctly photographed; and by reversing the formula 
on page 303 it is then possible to derive at once the star’s 
parallax. “Spectroscopic parallaxes” thus determined have 
the great advantage over trigonometric parallaxes of being as 
reliable for distant stars as for near ones. The method has 
been applied extensively at Mount Wilson and Harvard and 
in Canada and England, and has more than doubled the number 
of stars whose distances are known with a reasonable degree of 
accuracy. 

The Range of Stellar Luminosities. — There can be no doubt 
that “one star differeth from another star in glory.” At one 


Table 14.4* the twenty-three nearest stars 
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extreme are the feeble dwarfs like Proxima Centauri and the 
companion to Procyon, which would certainly escape notice 
were it not for their proximity to the Solar System, and of 
which it would require ten thousand to equal the Sun; at the 
other are stars which, at a distance equal to that of the Sun, 
would outshine that luminary hundreds of thousands of times. 
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Fig. 156. Correlation- of Absolute Magnitude and Spectral Type 


\ega, at a distance of 27 light-years, has a luminosity of 53; 
Capella, at 46 light-years, is 148 times as luminous as the Sun; 
and the luminosity of Rigel, whose distance is not less than 
400 light-years, is at least 13,000. The ninth-magnitude star 
S Doradus, in the large Magellanic Cloud, has according to 
Shapley a luminosity of 600,000, and even this was exceeded 
fora short time by the seventh-magnitude Nova that appeared 
in 1885 in the great spiral nebula in Andromeda. The ratio of 
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S Doradus to Proxima is far greater than that of the most 
powerful search-light to a candle. 

Giant and Dwarf Stars. — Between 1900 and 1910, as 
knowledge of the distances and luminosities of stars 
increased, it became evident that many stars, especially the 
red ones, fell into two well-defined groups to which Hertz- 
sprung and Russell gave the names of giants and dwarfs. 
Fig. 156 gives the absolute magnitudes and spectral types of 
about 2,100 stars as compiled at Pasadena. The separation of 



dwarfs and giants is very conspicuous in the K and M types 
and is noticeable in G and even in F, but the A and B stars 
all appear to be giants. 

The Diameters of Stars.— Although the resolving power of existing tele¬ 
scopes is too small to show the stars as other than mere points, the apparent 
diameters of a few have been measured since 1920 by an application of the 
interferometer. The method was described by Michclson as early as 1890 
and had beenffuggested by Fizeau many years earlier. The observations 
have been made by Pease and Anderson, using a special interferometer in 
connection with the loo-inch Hooker telescope. A loam of structural steel. 
attached to the upper end of the tube of the telescope, carries four mirrors, 
the two outer of which can be moved along the beam so that their distance 
apart may vary up to twenty feet. The light of the star is reflected by these 
two mirrors to the two others which are near the middle of the tieam and 
by them to the 100-inch paraboloid, after which it follows the usual course 
of light in the Cassegrain form of the telescope and finally reaches the eye 
of the observer (Fig. 157)- The interference of the two beams of light 
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thus coming from a point of the star produces, instead of the usual circular 
diffraction pattern (page 38), a set of exquisitely fine bright and dark 
fringes which appear somewhat like the pickets of a fence. If the star’s 
apparent diameter is great enough, then for a certain separation of the mir¬ 
rors the bright fringes corresponding to one limb of the star fall upon the 
dark fringes corresponding to the opposite limb, and the appearance becomes 
that of a continuous band of light. From the distanoe between the minora 
at which this disappearance of the fringes occurs the angular diameter of 
the star may be accurately computed; and the real diameter in miles or 
kilometers may then 1>e found with a degree of accuracy about proportional 
to that of the star’s parallax. 



From a knowledge of the effective temperature of a star, as 
indicated by its spectral type, a value of the intensity of 
radiation at its surface can be derived; and from this and the 
apparent magnitude it is possible to infer the apparent diam¬ 
eter even of stars that are far below the power of the inter¬ 
ferometer. Confidence in such estimates was early established 
by the interferometer measures of a Orionis, a Bootis, a 
Scorpii, and a few other stars, which agree within a few 
thousandths of a second with the estimates of Eddington and 
of Russell. 
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The results of both measures and estimates show that the 
terms Giant and Dwarf apply to the size of the stars as well 
as to their brightness, some of the red giants being large enough 
to inclose the Sun and the orbits of the four inner planets, 
while some of the dwarfs appear to have diameters less than 
that of Jupiter, Examples are given in Table 14-S an d illus¬ 
trated in Pigs. 158 and 159. 

Masses and Densities of Stars. — Direct knowledge of the 
masses of stars is obtained only from those double stars known 



as binaries, in which the motion of two components is con¬ 
trolled by their mutual gravitation. The masses of most of 
these stars are quite comparable with that of the Sun. Edding¬ 
ton has shown, by a mathematical study of the probable con¬ 
dition of the i^erior of a star, that if the mass exceeds io 35 
grams the pressure of radiation is so great that gravitation 
could probably not hold the star together, while if the mass is 
less than about io 33 grams the star would not be hot enough 
to shine. We should therefore not expect to find stars having a 
mass many times less than that of the Sun (which is about 
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2.10 33 grams), nor much greater than one hundred times the 
Sun's mass. Upon the sub-atomic theory of the origin of a 
star s energy, Eddington shows further that the masses of stars 
should be the greater, the greater their luminosity; and this 
result is strikingly confirmed by the known masses of binaries. 

Prom the measured or estimated diameters and masses of 
the stars it is possible to calculate with a considerable degree 
of approximation their average densities, and these prove to 
have an amazingly wide range (Table 14.5). A giant such as 
a Orionis is a prodigious bubble of rarefied gas, as tenuous as 
the air in a fairly good artificial vacuum; a dwarf such as the 
companion of Sirius is composed of material thousands of 
times heavier than lead, of which a pint, if placed at the 
surface of the Earth, would weigh more than twenty-five 
tons! 

Recent observations by Adams have confirmed at the same time the in- 
credibly great density of this particular star and Einstein’s prediction of a 
gravitational shift in the spectral lines of a massive source of light (page 237), 
In the case of most stars, the Einstein effect is too slight to be easily measured 
and ^besides is inextricably combined with the Doppler-Fizeau effect of the 
star s motion. The motion of the companion of Sirius is accurately given 
by the orbit of the binary as determined from micrometer observations 
(page 327). and so the Doppler shift can be allowed for; while its Einstein 
displacement, due to the enormous value of its surface gravity, is more than 
150 times that of the Sun. After allowing for the known Doppler shift, 
Adams finds a residual rcdward displacement of 0.32 Angstrom units, in 
almost perfect agreement with the Einstein displacement calculated by 
aldington from the star’s diameter of 24,000 miles and density of 53.000 

exam'S of^KST * A ^ " d ^ ’' S ° ne ° f the few kn0 ™ 

Despite its unheard-of density the star must, for Eddington’s calculations 
to be corrert be in the gaseous state—that is, composed of freely moving 
particles. Eddington suggests the reasonable view that these particles arc 
neither molecules nor atoms m the ordinary sense, but free electrons and 
stripped nuclei, the ionization having proceeded to the extreme point where 
no revolving electrons are left to the atom. 

Description of Representative Stars.—In Table 14.5 are 
given statistics concerning a few stars which are representative 
of giants and dwarfs of various spectral classes, 

thJmh^ !la ? S ° f the firSt “ ven StarS in the are “spectroscopic;” 
Ihn t 8 ° n0metnc - 1 he a PParent diameters of the first seven are 

the results of measurement with the interferometer; the others are com- 
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putcd from spectral typo and apparent magnitude. The masses of Sirius 
and its companion, a Centauri. and Kruger 60 are derived from their orbital 
motion; the others were taken from Eddington's mass-luminosity curve. 



Life History of a Star, — The stars cover a wide range of 
size, luminosity, density, and temperature; and, as it is unlikely 
that any of these properties remain forever constant in a given 
star, it is natural to consider them as indications of the star’s 
age. Most astronomers now hold the view that, in general, a 
celestial body begins its career as a visible star in the form of a 
red giant of spectral type M (or, in the case of a few, of type 
N, R, or S) and of relatively low temperature and extremely 
low density; that with increasing age the diameter decreases 
while at first the temperature, in accordance with Lane’s law 
(page 181), increases; and that after reaching a maximum 
„ temperature as a white star of 

class F, A, or even B, depending 
upon its mass, the star cools, its 
diameter continues to diminish 
and its density to increase, and it 
ends its visible career as a red 
dwarf; the process, of course, 
occupying a period of time to be 
expressed in at least many millions of millions of years. This 
course of evolution is represented diagranunatically in Fig. 160. 

The Period-Luminosity Relation in Cepheid Variable Stars. 
—Variable stars of the'class which, from their prototype & 
Cephei, is called the Cepheids (page 347) possess a remarkable 
property which gives an indication of their distance, however 
great it may be. This property was discovered by Miss Leavitt 
at the Harvard Observatory in 1908 by a study of the small 
Magellanic Cloud. She found many faint Cepheids in this 
cloud and, upon determining their periods of variation in 
brightness, found that the longer the period the greater was the 
apparent brightness of the star. Since all the stars in the cloud 
are at practically the same distance from the Earth, their 
apparent magnitude must differ by a constant from their 
absolute magnitude which therefore is also correlated with 
their periods. Bailey of Harvard discovered in several of the 


Fig. 160. Life-history of a Star 
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globular star-clusters many Cepheid variables displaying the 
period-luminosity relationship, and in 1917 Shapley pointed 
out that, assuming the relationship to hold for all Cepheids, 
if the distance and absolute magnitude of one or more Cepheids 
could be determined by independent means, those of all the 
others and of the star clusters of which they are members 
could be immediately obtained from their periods. He accord¬ 
ingly formed the curve shown in Fig. 161, eleven points of 
which he fixed with some precision from the absolute magni¬ 
tudes of relatively near Cepheids. 

Distances of the Star Clusters.—Shapley has used several 
different methods of estimating the distances of star clusters, 



Fig. 161. Correlation of Period and Luminosity of Cepheids 

of which the method based on the periods of Cepheids is prob¬ 
ably the best, and the results of the different methods show 
good agreement. There is little doubt of the correctness of 
his relative distances, although the absolute values of the results 
may be considerably in error. These results are astonishing, 
to say the least. The nearest globular clusters, as w Centauri, 
Messier 13 Herculis, and Messier 22 Sagittarii are, according 
to Shapley, about 20,000 light-years away, while the distance 
of the most remote, N. G. C. 7006, is 220,000. The light by 
which we see these stars has been traveling through space 
since long before the dawn of human history. At that dis¬ 
tance, stars like the Sun would be quite invisible, and the many 
thousands of stars that appear on long-exposure photographs 
of these clusters m®t be only the giants, while still greater 
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numt)6rs of smaller stars doubtless escape our detection. 
The globular clusters appear to be all of about the same 
diameter, of the order of too light-years. 

For each of the Magellanic Clouds Shapley finds a distance 
of about 100,000 light-years. The larger one is about 11,000 
light-years in diameter and contains many great nebula: and 
star clusters. One of these nebulae, of small angular extent, 
covers about the same volume of space as the whole constella¬ 
tion of Orion. The bright star-clouds of the Milky Way are 
placed by Shapley at a distance of 50,000 light-years, or more. 

Size of the Galactic System. — From elaborate investiga¬ 
tions based on the proper motions (page 323) of stars and upon 
counts of stars of different magnitudes together with the 
known distances and luminosities of the nearer stars, Kapteyn 
and others have shown that in the disk-like Galactic System 
(page 298) the number of stars per unit volume of space falls 
to about one one-hundredth of that near the Sun at a distance 
of about 85,000 light-years in the plane of the disk and about 
16,000 light-years in directions at right angles to that plane. 
The disk may, therefore, be said to have a diameter of about 
170,000 light-years and a thickness of about 30,000. Shapley 
finds that the globular clusters, while at distances greater than 
these, are grouped prevailingly near galactic longitude 325° 
and close to the plane of the Galaxy, though none are so close 
as 4,000 light-years to that plane; and concludes that the 
clusters are component parts of our stellar system, which thus 
has a maximum diameter of about 300,000 light-years; and 
that the Solar System is situated about 60,000 light-years 
from its center. 

Distances and Sizes of the Spiral .Nebulae.—Hubble has 
discovered a number of Cepheids in the two spiral nebula: of 
greatest apparent diameter, the great nebula in Andromeda 
and Messier 33 Trianguli; and from the periods of these 
variable stars has deduced distances of the order of r,000,000 
light-years. The diameter of the Andromeda nebula, if this 
distance is correct, is about 50,000 light-years, while that of 
M 33 is about 16,000. To an observer living on a planet 
which circulates around a star in one of these nebula:, our 
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Galactic System would probably have an appearance some¬ 
what like that presented to us by the larger Magellanic Cloud. 

The Little and the Great,— We have seen that Astronomy 
deals with dimensions ranging from the diameter of the 
electron up to the distance to the spiral nebulae. It is inter¬ 
esting to express approximately some of these dimensions in 
terms of centimeters, using powers of ten, as in Table 14.6. 


Table 14.6 

approximate dimensions 

% Diameter of an electron.. 

Diameter of an atom . . . 

Wave-length of visible light . * ■ * . 

Objective of Yerkes telescope, - ■ — 

Radius of the Earth ...* ♦ •. 

Distance from Earth to Sun -*.. . . 

Distance from Sun to a Ccntauri.. . . 

Distance from Sun to Andromeda nebula . 


10 centimeters 
xo-» 

to -5 « 

16* 14 


10® 

io 13 

io ls 

Id* 







































CHAPTER XV 


THE MOTIONS OP THE STARS 

Proper Motion.—The stars, which are so often called “fixed 
stars to distinguish them from the planets, in reality possess 
rapid motions which are evident in different ways. When 
observations of the right ascension and declination of a star, 
carefully made on two or more different dates, are compared, 
it is always found that the apparent position has changed. A 
large part of this change is due to precession, nutation, and 
aberration, which, being common to all stars in a given small 
region of the sky, are sometimes called “common motions.” 
'I hese changes, and also the annual parallactic displacement 
which is perceptible in the nearest stars, are of course really 
due to the motion of the Earth. When all these effects have 
been accounted for, however, there remain small and usually 
random changes of apparent position which increase steadily 
with the passage of years, and which, being proper or peculiar 
to individual stars, are called proper motions. 

Proper motion must of course be expressed in units of 
angular measurement. It is in all cases small, only a few 
seconds per century for most of the stars in which it has been 
detected. It is determined by comparing star catalogues of 
widely separated epochs or photographs made with the same 
instrument at intervals of several years. The greatest proper 
motion known is 10T3 a year, that of a tenth-magnitude star 
in Ophiuchus which is usually referred to as “Barnard’s 
proper-motion star,” having been discovered photographically 
by Barnard at the Yerkes Observatory in 1916. The only 
bright stars with a proper motion of more than 2 rr a vear are 
a Centaun, 3 ■ 7 > and Arcturus, 2''3. These motions are so 
slow that hundreds of years must elapse before the stars 
change their alignment with other stars by an amount notice¬ 
able to the unaided eye. 
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THE MOTIONS OF THE STARS 

Components of a Star’s Motion.—Proper motion, being a 
change of apparent position, depends upon three factors: the 
actual speed of the star, its distance from the Solar System, 
and the direction of its motion. Let the Solar System be at 0 
and let the star move in one year from A to B, as in any of 
the three cases presented in Fig. 162. The distance AB, 
which may be called the star’s space motion, can not be 
determined directly, but only as the resultant of the radial 
motion, AH, and the cross motion, AK, which are the pro¬ 
jections of the space motion along and perpendicular to the 
. line of sight OA . The proper mo¬ 
tion will be the projection, ab, of 
the space motion upon the celes¬ 
tial sphere and will be measured 
by the angle AOB or n- 

The cross motion may be com¬ 
puted from the proper motion and 

the heliocentric parallax if these 

1 Tt A 1 a 1* * _ Fig. 162. Components of a 

are known. If D be the distance star's Motion 

of the star from the Solar System 

expressed in astronomic units, and if the proper motion ^ he 
expressed in seconds of arc, the yearly cross motion in astrono¬ 
mic units is .D/206,265■ D is related to the heliocentric 
parallax p by the equation 

206,265. 

L> — - 1 

P 

hence, the yearly cross motion in astronomic units is equal 
simply to ti/p. It is often desirable to have the cross motion 
in kilometers per second. Denoting this number by x, we 
have 

_ m 149,500.0 00 _ = ^ 

P 365X X 24 X 60 X 60 p 

as the reader may verify. 

The radial motion is determined in kilometers per second by 
measurements of the Doppler-Fizeau displacement (page 160) 
in the lines of the star’s spectrum. To the observed radial 
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velocity must be applied a correction, known as the reduction 
to the sun, for the motion of the observer; the result is the 
radial motion of the star referred to the center of the Solar 
System and represented by the line AH in the figure. With 
existing spectrographs the radial velocity of a star can be 
determined with an uncertainty of only about one kilometer 
per second if the lines of the spectrum are numerous and 
sharp, as they are in the case of G-type or redder stars; the 
velocities of the hottest stars, which have broad, diffuse lines, 
are not so accurately known. 

The reduction to the Sun is the projection of the observer’s heliocentric 
velocity upon the line of sight to the star, and comprises two parts, one 
due to the Earth’s rotation and the other to its revolution. The former is 
zero for a star at the pole of rotation (and would be zero also for an observer 
at the Earth’s pole, wherever the star might be); for an observer in latitude 
o 8 and a star in declination o°, it varies from - 0.47 km./sec. at hour-angle 
6 h to 0.47 km./sec. at hour-angle i8 h . The annua! part of the reduction 
to the Sun is zero for a star at the pole of the ecliptic, while for stars on the 
ecliptic it varies from o to ± 30.27, depending on the longitude of the star 
and the time of year. 

The space motion of a star is the square root of the sum of 
the squares of its cross motion and its radial motion. From 
the foregoing discussion it appears that its determination 
depends upon three distinct kinds of observation: that of 
proper motion, by comparison of the apparent positions of 
the star at dates many years apart; that of the distance of the 
star, most directly determined by the heliocentric parallax 
derived from observations of position about six months apart; 
and that of radial velocity, from an observation of the spectrum. 
Proper motions have been studied since 1718, when Halley 
detected the motions of Sirius, Arcturus, and certain other 
stars by comparing their observed places with the positions 
given in Ptolemy's catalogue. Distances have been known for 
some of the stars, as we have seen (page 300), since 183S. 
Radial velocities were first measured by Huggins in 1867; 
but his observations, being visual, were very' inaccurate. 
Accurate photographic determinations of radial velocity date 
from the work of Vogel and Scheiner at Potsdam about 1890 
and that of Campbell at the Lick Observatory' in 1892. 


THE MOTIONS OF THE STARS 


319 


Magnitude of Cosmic Velocities. — The great majority of 
known velocities of stars relative to the Solar System are less 
than fifty kilometers a second, and so are quite comparable to 
the orbital velocities of the planets. A few stars move much 
more rapidly than this, and about fifty are known to have 
speeds of 100 km./sec. or more. Table 15- 1 gives the velocities 
with respect to the Solar System of some of the most rapidly 
moving stars. 

The columns at the right of that which gives the stars declination con¬ 
tain the following data: the annual proper motion, n\ the position angle p 
(page 327) of its direction; the heliocentric parallax, p m , the radial velocity, K; 
the cross motion, xi and the space motion, S, 

Slightly higher velocities than these are found in the globular 
star clusters and Magellanic clouds, and much higher ones 
in the extra-galactic nebulae. As the great distances of these 
objects preclude accurate determinations of their cross¬ 
motions, our information consists of radial velocities only. 
About sixty such velocities have been determined, chiefly by 
Slipher at the Lowell Observatory. The highest known is that 
of the spiral nebula N. G. C. 5^4> which is receding from us 
at a speed of 1,800 kilometers a second. It is a remarkable 
fact that the majority of these remote objects have a positive 
radial velocity — that is, are receding from the Solar System. 

As early as 1903, Frost noted that the B stars moved more 
slowly than others, and in 1910 it was discovered by Campbell 
from radial velocities and by Boss from proper motions that 
the average velocities of stars increase in passing through the 
spectral series from B to M, being about 6 km./sec. for the B 
stars and about 17 for the M stars. Kapteyn, Adams, Strom- 
berg, and others have since pointed out that the dwarf stars of 
each type have higher velocities than the giants of the same 
type. 

The Motion of the Solar System—If all the stars were 
known to be fixed relative to one another, as by a framework, 
their apparent motions would necessarily be explained by a 
motion of the observer relative to the frame. Since the 
apparent displacement of a star produced by the Earth’s 
orbital motion is in a closed curve, progressive changes such 


















Table 15.1 

STARS Of RAPID MOTION 
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as proper motion and radial motion could be produced only by 
a progressive traveling of the whole Solar System. 

Let the circle in Fig. 163 represent the infinite celestial 
sphere, and let the Sun, carrying the Earth and the other 
planets with it, move from S to S' in a hundred years, while 
the stars remain at rest. The proper motions of stars B , C, D, 
etc., would be in the directions of the arrows, away from the 
point X toward which the Sun is moving and toward the 
opposite point N. The size of these proper motions would 
depend upon the speed of the Sun s motion, the star s distance 
from us, and the star’s angular distance from the point X, 



being zero for stars A and E. The radial velocity of star A 
would be negative and that of E positive, of a numerical value 
equal to the speed of the Sun; while the radial velocities of 
other stars would be less, depending on their apparent distances 
from X or N. 

The fact that the stars are not at rest complicates matters, 
but by taking the average apparent motion (proper or radial) 
of a number of stars in each of many parts of the sky the solar 
motion may be determined with respect to the system of stars 
so chosen. The problem is analogous to that of the motion of 
a pedestrian through a swarm of gnats; the average of his 
velocity with respect to a number of the gnats should give his 
velocity with respect to the swarm, although the individuals 
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of the swarm may be flying in many directions at different 
speeds. 

As early as 1783 Sir William Herschel inferred from the 
proper motions of thirteen stars—all whose motions were then 
known — that the Solar System was traveling toward a point 
in the constellation Hercules; but, not knowing the distances 
or radial velocities of any stars, he was unable to estimate the 
speed. Herschel applied the term apex of the Sun’s way to 
the point X toward which the Sun is moving, and called the 
opposite point N the antapex. 

Herschel and others improved his result as additional proper motions 
became known, and when distances also became available estimates of the 
speed of the Sun were made. During the twentieth century, more accurate 
determinations of the solar motion have been made by using the radial 
velocities of stars. 

From the radial velocities of 2,034 stars, Campbell and 
Moore made in 1925, at the Lick Observatory, the following 
determination of the motion of the Solar System: 

Right ascension of apex. . . . i7 h 55 m .8 

Declination of apex .+ 2 7 ? 2 

Speed . 19,0 km. /sec. 

This result does not differ materially from the results of other 
careful determinations made from large numbers of miscellane¬ 
ous stars. The apex is not far from the direction of the star M 
Herculis, and the antapex is in the constellation Columba, 
about 1 5 0 south of Rigel. Expressed in other units, the speed 
of the Sun with respect to the group of stars used in this 
determination is about twelve miles a second, four astronomic 
units a year, or one light-year in 16,000 years. Only ten million 
years ago—not very long, speaking astronomically or geologi¬ 
cally—our system was about 600 light-years in the rear of its 
present position, in the general neighborhood of the bright 
stars of Orion. 

As nearly as may be determined from the observations, the 
motion of the Sun, and also that of every other isolated star, is 
in a straight line; the curvature due to the attraction of other 
stars is too small to be detected. 
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Motus Parallacticus and Motus Peculiaris.—The apparent motion of a 
star away from the solar apex or toward the antapex, which it possesses m 
virtue of the Sun's motion relative to the whole aggregation of stars, is 
called its motus parallacticus or secular parallax; the remaining apparent 
motion when this is eliminated from the proper motion is called the motus 
peculiaris. On the assumption that the peculiar motions of the stars m a 
group are random, the average of their proper motions is the secular parallax 
of the group. Spectroscopic observations having given the speed of the 
solar motion, the motion of the Solar System in a long interval, say a hun¬ 
dred years, affords a long base line from which the secular parallax gives 
the distance of the group It was from studies of this kind that kaptcyn 
estimated the size of the discoid Galactic System (page 314)- 

Moving Groups of Stars.—Studies of proper motions have 
disclosed a number of groups of stars whose proper motions 
are either nearly equal and parallel or along converging great 
circles of the celestial sphere. One of the best examples is that 
known as the Taurus moving cluster which comprises thirty- 
nine stars, many of which belong to the 
Hyades. L. Boss found that the proper 
motions of these stars converge toward a 
point of the sky a little east of a Ononis. 

Since, from the effect of perspective, ap¬ 
parent convergence results from actual 
parallelism, it is reasonable to suppose that 
the space motions of these stars arc paral¬ 
lel; and this is confirmed by the com- 
puted space motions of a number of the stars for which radial 
velocities have been obtained. Moreover, the space motions 
are equal within the probable value of the errors of observation, 
and it is highly probable that they agree within a small fraction 
of a kilometer per second; for if they did not, the cluster cou d 
not remain compact for many million years and it is unlikely 
that its age is not far greater than this. In other words, these 
thirty-nine stars must be moving through space in a squadron 
while preserving their mutual distances. 

If, in addition to the proper motions of the stars in a moving group, the 
radial velocity of one of their number can be obtained, the cross motions, 
space motions, distances, and luminosities of all the stars of the group may 
S readily and accurately computed. To explain this, let the Solar System 
be at 0 (Fig. 164) and let the space motion of one of the stars of the group 
be from A to B. Draw the line OX parallel to AB; it will meet the celestial 



Fig. 164. Determin¬ 
ation oe the 
Distance of a 
Star in a Moving 
Group 
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sphere at the “convergent” of the moving star-group— i.e., at the point 
toward which the proper motions converge, for parallel lines meet at the 
surface of the celestial sphere* The angle A OX (which is the angular dis¬ 
tance of the star from the convergent) equals the angle CAB made by the 
direction of the star s motion with the line of sight* The radial velocity 
is represented by the side AC of the rectangle ACBD, of which the space 
motion A B is the diagonal, and the cross motion is the side A D . Let the 
radial, space, and cross motions be V, $, and x, respectively, and let the 
angle A OX or CAB be 8 , Then 

V 

S = -- and x - S sin 8. 

cose 

The heliocentric parallax, proper motion, and cross motion are connected, 
as we have seen (page 317), by the relation 

X = 4-74 vfp , 

from which the parallax, and hence the distance and luminosity, of the star 
may l:>e found. Since S is common to all the stars of the group, while /1 
and 0 are known for each, a similar computation may be made for every 
star of the group* 

It is known in this way that the stars of the Taurus moving 
cluster occupy a roughly globular space some 32 light-years in 
diameter and 130 light-years away; that the stars of the-group 
are from 5 to 100 times as luminous as the Sun; 1 and that their 
space velocity is about 46 km,/sec. Presumably, there arc 
among the stars of the group many interloping stars which do 
not partake of the group motion. About 800,000 years ago the 
group passed its perihelion at a distance of about 65 light- 
years. After about 65,000,000 years more it will have receded 
so far as to appear as a sparse globular cluster about 20' in 
diameter. 

Another celebrated moving group is that known as the Ursa 
Major system, which consists of about a dozen stars, including 
five stars of the Big Dipper and also Sirius, a Coronas, 0 
Auriga* and £ Eridani. These stars are from 7 to 400 times as 
luminous as the Sun, occupy a disk-shaped region of space 
100 to 175 light-years in diameter, and move with a speed of 
29 km./sec. toward a point in the Milky Way southwest of 
Altair. 

The stars of the Pleiades have a common proper motion, 

1 In addition to these thirty-nine giants of Boss's original group, a number of 
dwarfs are now known to belong to it also. 
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and so do those of Praesepe. Other moving groups are found 
in Perseus, Orion, and Scorpius. The Pleiades and Perseus 
appear to be at a distance of about 350 light-years, Pra:sepe at 
400, and Orion at 600 light-years. 

Motions of Different Classes of Cosmic Bodies—When the 
bodies outside the Solar System are divided into classes, as 
giant stars of different spectral types, dwarfs of different types, 
long-period and short-period Cepheids, moving star groups, 
globular clusters, galactic nebula;, extra-galactic nebulas, etc., it 
is found that the motions of these different classes vary greatly. 
Stromberg of Mount Wilson has recently made an extensive 
study of this kind, considering the motions under two aspects: 
the motion of the individuals of each group and the motion 
of the group. These motions are like those of gnats in swarms 
— the individuals buzz about within the swarm and at the 
same time many swarms may be moving at different speeds 
and directions across a summer landscape, even interpenetra¬ 
ting without mutual interference; but among the stars the 
individuals arc much farther apart as compared to their size 
than among the gnats, and interpenetration is more general. 

Stromberg obtained two highly interesting results: First, the 
range of speed of the bodies within the groups is greater, the 
greater the group-motion. The motions of the stars in most of 
the classes within their groups are greater than the group- 
motion and are prevailingly in two opposite directions, a fact 
which was detected a quarter-century earlier by Kapteyn and 
attributed by him to two streams of stars flowing in opposite 
directions. Second, the various swarms or classes of bodies are 
moving, as if along a great cosmic thoroughfare, toward a 
point which to us appears in the Milky Way, in « 20 1 ' 40" 1 , 5 
+ 57 0 . near the border of Cygnus and Cepheus. The group- 
velocities along this axis, taken relative to the Sun, vary from 
9 km./sec. for the long-period Cepheids to 300 km./sec. for the 
globular star-clusters and spiral nebulae. 

It is of great interest that recent repetitions, by D. C. Miller of Cleve¬ 
land of the celebrated Michelson-Morley experiment (page 226) for detect¬ 
ing the Earth’s motion through the ether have given indication of a relative 
drift in the direction of Strombcrg’s cosmic thoroughfare, as if the ether 
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were fixed with respect to the system of spiral nebulae, while the Solar 
System and most of its neighbors drift through it. 

Binary Stars.—The term double star is sometimes applied to 
any two stars that lie close together on the celestial sphere. 
Ptolemy applied the Greek equivalent of the term to v Sagittarii, 
which consists of a pair of fifth-magnitude stars about 14' apart. 
Similarly, Mizar and Alcor, in the handle of the Great Dipper, 
which are separated by about 12'; ai and a 2 Capricomi, about 
6' apart; and t Lyrse, in which the separation is 3#', might be 
called double stars. In the stricter sense in which astronomers 
use the term, however, it is applied only to pairs in which the 
separation is not more than half a minute, or is even much less 
if the stars are very faint. A remarkably large number of 
stars are shown by a good telescope to be double, and many 
more have invisible companions which manifest their presence 
by their effect upon the motion or brightness of their pri¬ 
maries. 

Until late in the eighteenth century it seems to have been 
generally assumed that the two components of a double star 
were in reality far apart and that they appeared dose together 
merely through being almost in line with the Solar System, 
one behind the other. In 1789 Sir William Herschel began a 
careful study of double stars in the hope of detecting the 
parallactic displacement of the nearer component with respect 
to the more remote; but instead, after a number of years he 
found in a few pairs an orbital motion of one star around the 
other, showing that the two were really near together and 
subject to their mutual gravitation. To such a pair of 
physically connected stars Herschel gave the name of binary 
star. It is probable that the majority of the 20,000 or more 
close visible double stars are binary, but in most cases the 
orbital motion is so slow that it cannot be detected until after 
many years’ observation. 

The presence of an invisible companion is detected in many 
cases by the spectroscope through the change of radial vdocity 
produced in the visible star by orbital motion; in many others 
it is revealed by the change of brightness of the visible star when 
the companion passes before it. Stars whose duplicity is dis- 
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closed by the spectroscope are called spectroscopic bmane 
those whose companions produce variations of brightness by 
occulting their primaries are called eclipsing binaries, or, froi 
the name of their prototype, P Persei, Algol variables. Ibis 
classification, being based on methods of observation, does not 
represent a difference in the real nature of the stars or of their 
motions. Many stars of each of the three classes belong also 

to another. . „ 

The Study of Visual Double Stars.-The appearance of a 

double star is described by the magnitude, color, separation and 





Fig. 165. Measurement of Position- Angle and Separation 

position angle of its components. The separation (denoted by 
p) is expressed in seconds of arc. The position angle denoted 
by e) is defined as the angle between the great circle which 
bisects the two stars and the hour circle bisecting the brighter, 
and is measured from the north through the east. 

The values of 0 and 0 are measured with the filar micrometer (page 45 ) 
as follows: At the beginning of the night's work a trail reading is taken upon 
the position circle of the micrometer by turning the telescope with the 

driving clock stopped, to an equatorial star and j^^lLes 

tint the star trails, in its diurnal motion, along one of the lines. J hc lines 
are then exactly parallel to the equator, and 90° added to that reading o 
tZ portion circle which corresponds to the exit-point gives the north point 
or “zero reading.” The telescope is then turned to the double star and one 
of the lines placed so as to bisect both components as at A A, Fig. 1 5 . 
SAlSCSf tta position-circle in the direction of the ,«»r > 

taken. This reading minus the zero reading is the position angle which, 
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the figure, is about 245 0 . After a number of settings are thus made and 
the mean taken, go* is added to the mean and the micrometer is turned to 
this setting, which brings the spider lines perjienclicular to the line joining 
the two stars. The separation is then measured by turning the micrometer 
screw until one line bisects each star, as at BB, CC\ then interchanging the 
lines, placing the second line on the first star and the first line on the second; 
the difference between the readings of the screw, multiplied by the microm¬ 
eter constant, gives twice the distance between the stars in seconds. This 
measurement also is of course related several times, and the results, both 
for position angle and separation, arc carefully recorded. In the hands of a 
skilled observer, the whole operation requires only about ten minutes. 
Double-star Astronomy is one great field in which visual observation has 
not been largely superseded by photography. 



1908 July 21 1915 5 ej>t. 2 1920 July Jo 


Fig. 166. The Binary Star KrOger 6o and a Neighboring Star, Photo¬ 
graphed with the Yerkes 40-INCH Retractor by Barnard 

When an observation of this kind is repeated after the lapse 
of many years, if the star is a binary it will be found that p 
ore, or more often both, have changed (Fig. 166); and by 
means of successive repetitions — usually by successive genera¬ 
tions of observers, for most binary periods are long — the orbital 
motion may be followed through a complete revolution. To 
determine the relative orbit, a graphical method is used in 
which the brighter star is represented by a fixed point through 
which passes a fixed line representing the hour circle. A con¬ 
venient scale being chosen to represent seconds of arc, the 
observed positions of the companion are then plotted according 
to position angle and separation. Except in a few eases where 
the motion is disturbed by a third body, the plotted points 
are found to lie, within limits set by the errors of observation, 
upon an ellipse (Fig. 167). 

While the bright component always lies within the ellipse, 
it does not, in general, appear at the focus. This is an effect of 
foreshortening; we do not usually see the binary from a 
direction perpendicular to the plane of its orbit, but obliquely. 
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The law of areas, however, is obeyed by the line joining the 
stars in the apparent as in the true orbit, since the projections 
of the areas on the plane tangent to the celestial sphere are 
proportional to the areas in the orbit. By mathematical 
analysis it is possible, from the apparent orbit, to compute all 
the elements except the direction of the inclination; from visual 
observations alone it cannot be determined whether, at a 
given point of the orbit, the companion is approaching or 
receding from the Earth, but this question also can be decided 



Pic, 167, The Orbit of KrOger 6o as Determined bv Aitken 


if even a single determination of the difference of radial velocity 
of the two stars can be secured. The value of the semi-major 
axis which results from the computation is necessarily expressed 
in seconds of arc; if the star’s parallax is known, this may be 
transformed into astronomic units, and the sum of the masses 
may then be found (page 220). 

While thousands of visual binaries have been discovered, the 
orbits so far determined number only about 100; the periods 
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of most are centuries long, and they have not yet been observed 
over a sufficient arc of their orbits. 

Proper-motion Companions. — Many cases are known in which two stare, 
in the same small region of the sky, have equal and parallel proper motions; 
they thus form small systems similar to the moving groups of stare (page 323). 
Many of these are doubtless near enough together to produce orbital motion, 
their mutual attraction being greater than the attraction of other stars for 
either; hut their periods are so long that no curvature of their paths has as 
yet been found. Besides such pairs of this kind as form close double stare, 
the most noteworthy case is that of Proxima and a Centauri, which have 



practically identical proper motions and parallaxes. According to Luyten, 
the little star 46 Tauri has a space motion equal and parallel to that of the 
Solar System, and so in a sense forms a very distant companion to the Sun. 

The Study of Spectroscopic Binaries.—In the discussion of 
the problem of two bodies (page 215) it was noted that the 
center of mass of two mutually gravitating stars is unaffected 
by their motions and moves uniformly in a straight line while 
the stars revolve in similar ellipses with the center of mass at 
their common focus. Fig. 16S represents the orbits of two 
equally massive components of a binary whose center of mass is 
at C. By definition, the straight line joining the two stars 
must always pass through C; hence, when one star is at Ai 
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the other is at B»; when the first is at A, the second is at A; 
etc. Suppose the Solar System is in the direction of the right 
side of the page. From position 3 to position 6 star A will, 
relatively to the center of mass, recede from the Solar System, 
while B approaches it; during the remainder of the revolution 

B will recede and A will approach. 

The binary character of a star may be discovered spectro¬ 
scopically in one of two ways, depending on the relative 
brightness of the components. (1) If one star is much bngh er 
than the other, its spectrum alone will impress the photographic 
plate and its lines will be displaced alternately toward the red 
and toward the violet from the position corresponding to the 
velocity of the center of mass as the bright star alternately 



Fig 160 The Velocity Curve of One Component of a Spectroscopic 
Binary (Boss 2447— Sanford) 

recedes and approaches. {2) If the two stars are about 
eaually bright they will be represented equally in the spectrum, 
then when the lines of one arc shifted to the red, the lines ot 
the other will be shifted to the violet, as would occur at points 

4 e and 8, while at points 3 and 6 , where both stars are moving 

perpendicularly to the line of sight, the two spectra will be 
superposed. Thus, in case (1), all the lines of the spectrum are 
displaced together; in case (2), those lines which are common 
to both spectra appear alternately single and double. The two 

cases are illustrated in Plate 15.1. . 

Usually of course, the plane of the orbit is inclined to the 
line of sight; the observed radial velocity, when reduced to the 
Sun, is then the projection, upon a plane containing the line 
of sight, of the resultant of the orbital motion and the motion 
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of the center of mass. If the orbit plane be perpendicular to 
the line of sight, the motion cannot be detected by the spectro¬ 
scope. 

The nature of the orbital motion of the observed component 
is revealed by plotting the radial velocity, reduced to the Sun, 
as ordinates of a curve in which the abscissas represent time 
counted from a fixed epoch. This curve, called a velocity 
curve, is sinuous in form and repeats itself exactly if the 
motion is truly elliptical If the orbit is circular, the velocity 
curve is a simple sine curve; otherwise, the ascending and 
descending portions are not of equal steepness. In Fig. 169 
is shown the velocity curve of a binary of which the spectrum 
of only one component has been observed; in Fig, 170 are 



] ? ig, 170. Velocity Curves of Both Components of a Spectroscopic 
Binary (Boss 373 — Sanford) 

shown the velocity curves of both components of a binary 
where the two are about equally bright. The circles in either 
figure represent observations, and the height of the dotted line 
represents the radial velocity of the center of mass of the pair 
of stars. 

It may be proved that the top and bottom cf the velocity curve corre¬ 
spond to the points where the star crosses the plane through the center of 
mass and perpendicular to the line of sight; also, that a horizontal line bi¬ 
secting the area ot the curve represents the velocity of the center of mass. 
By mathematical analysis all the elements of the true orbit may be com¬ 
puted except the separate values of the major axis and the inclination of 
the orbit to the plane tangent to the celestial sphere; instead of these, the 
quantity a sin j may be found in kilometers, which sets a minimum value 
to the major axis. 1 he mass cannot tie found without a knowledge of the 
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inclination, but the quantity 


w 3 sin 3 i 
M 1 


where ftt is the mass of the observed 


component and M the sum of the masses o£ both, may always be found. 


The components of spectroscopic binaries being in general 
much closer together than those of visual binaries, their periods 
are much shorter—in some cases, less than a day and informa- 


^ 
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Fig. i 71. Light-curves of Eclipsing Binaries 

tion concerning their orbits accumulates much faster. 
Although spectroscopic binaries have been studied only since 
1888, more than 1,000 examples are now (1926) known, and 
the number of computed orbits already exceeds 250. 

The Study of Eclipsing Binaries.—Suppose two equal stars, 
one luminous and the other opaque, revolving in a plane which 
passes nearly through the Solar System. At each revolution, 
the dark star must pass in front of the bright one and intercept 
a part of its light; but during the remainder of the period the 
bright star would shine with constant luster. Plotting magni¬ 
tudes as ordinates and time as abscissa:, we should then get 
a light curve somewhat like A, Fig. 171. Now suppose the 
dark companion to be smaller tban the bright star and the 
inclination of the orbit to be such as to project the companion, 
at eclipse, wholly upon the surface of the primary. The light 
at minimum would then be constant for a sbort time and the 
light curve would be as at B. Thirdly, suppose that the 
companion were not perfectly dark, but shone faintly by its own 
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light; the companion would then not only eclipse the primary, 
but would be eclipsed by it a half-period later, producing a 
secondary dip in the light curve as at C. Finally, suppose the 
stars to be equal, both in diameter and in luminosity, and that 
they revolve almost in contact so that the interval between 
eclipses is short; the light-curve will resemble D\ Evidently, 
much may be learned about an eclipsing system from the form 
of its light-curve. 

The eponym of this class of stars, Algol, was recognized as 
a variable star by Goodricke in 1783. Observations with the 
naked eye result in a light-curve similar to A, and Goodricke 
suggested the explanation which is now known to be correct, 
namely that the star, although appearing single in all telescopes, 
had a close, dark companion revolving in an orbit turned 
edgewise to the Earth in the period of the observed light- 
changes, 2 d 2i\ This explanation was confirmed by Vogel of 
Potsdam in r888 by showing the star to be a spectroscopic 
binary, the maximum velocity of recession occurring a quarter- 
period after the eclipse and the maximum velocity of approach 
a quarter-period before, while during eclipse and a half-period 
later the velocity is equal to that of the center of mass. All 
Algol variables which have been investigated spectroscopically 
have shown similar variations of radial velocity, and there is 
no question that all variable stars of this type are binaries. 

From the form of the light-curve of an eclipsing variable, it 
is possible to compute, not only the elements of the orbit, but 
also many details concerning the size and luminosity of the 
t-wo components. The theory has been extensively developed 
by Russell of Princeton and applied by Shapley. 

Some Binaries of Special Interest.—Mizar, f Ursse Majoris, the bright 
star m the bend of the handle of the Great Dipper, was the first visual 
double and also the first spectroscopic binary to be discovered. The visual 
duplicity was discovered by Riccioli of Bologna in 1650. The two com¬ 
ponents are 14" apart, of 2.4 and 4.0 magnitude. No orbital motion has 
been found, but both components of Mizar, and also Alcor, n' away, 
partake of the common proper motion of the Ursa Major Group (page 324}! 
From the group motion, the distance from the Solar System is well determined 

1 Curve D might also be produced by a single star, which had the form of a 
prolate^ spheroid and which rotated around a minor axis with the Solar System 
nearly in the plane of its equator. 
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at 72 light-years, and so the distance from Mizar to Alcor is no less than 
a quarter of a light-year, while even the components of Mizar arc at least 
300 astronomic units apart—ten times the distance of Neptune from the bun. 

In i 88 g E. C. Pickering found with the objective prism that the hues of the 
spectrum of the brighter component of Mizar were alternately double and 
single, showing it to consist of a pair of almost equally luminous revolving 
stars. The period of this pair is al>out 20.5 days. In 1925 Pease measured 
the distance and position angle of this close pair with the interferometer 
at Mount Wilson, finding a .separation of from 0T011 to 0.013. By com¬ 
bining the spectroscopic and interferometric data, the elements of the real 
orbit were determiner!; the eccentricity is 0.53, the inclination to the plane 
pertxndicular to the line of sight is 50°, and the sum of the semi-major axes 
of the two alisolute orbits is 429,000,000 kilometers—somewhat greater than 
the mean distance of Jupiter. In 1908, both Alcor and the fainter com¬ 
ponent of Mizar were found, by Frost at the Yerkes Observatory, also to 
be short-period spectroscopic binaries. ... 

Castor y a Genainomm, was found to be a double star by the bngUsn 
astronomers Bradley and Pound in 1719 . The magnitudes are 2.8 and 2.0 
and the separation is about 6." It is certainly binary, but the ixnod is so 
long that it cannot yet be accurately determined; the most probable value 
is about 350 years. Both components are spectroscopic binaries; the orbit 
of the fainter is nearly circular, with a period of 3 days and a radius which 
may be as small as 1.300,000 kilometers (alxiut three times the radius ot 
the Moon’s orbit), while the period of the brighter is 9 days, its eccentricity 
0.50, and the minimum possible value of its semi-major axis about the same 
as that of the fainter. Both components of the visual pair are of Ao type. 
More remarkable still, at a distance of 73" from the bright pair is a ninth- 
magnitude M-type star which shares the parallax and proper motion of 
Castor and which, as found by Adams and Joy in 1925, is a spectroscopic 
binary with alternately double and single lines, of which those of hydrogen 
and calcium are bright (Plate 15 , 1 )- The jieriod of this extraordinary pair 
is aliout 0.8 day. The distance of Castor from the Solar System is alxiut 
44 light-years; hence, its visual components are alxiut os astronomic units 
apart (three times the distance of Neptune from the Sun), while the bright- 
line dwarf companion is about 1,000 astronomic units away. 

Unusually exact information has been obtained about Capella, which was 
found to be a spectroscopic binary by Camptiell in 1899, the jxriod being 
104 days and the orbit nearly circular. Soon after this discovery, the star 
was reported to have been resolved visually by ten observers at Greenwich; 
but it is now certain that the separation of the components is below the 
resolving power of any existing telescope. In 1921 Anderson and Me mil 
succeeded in measuring the position angle and separation with the inter¬ 
ferometer. From their work and that of Campbell arc derived the elements 
a = 0/0536 = 126,630,000 kilometers (between that of the Earth and that 
of Venus); i = 4i°o<S; m, = 4.2 X Sun, m 2 = 3.3 X Sun; heliocentric parallax 
= 0/0632, distance = 52 light-years. Capella has a tenth-magnitude, M- 
type, proper-motion companion situated at a distance of is'. 

a Centauri has the largest apparent orbit of any known binary. Its orbit 
is highly eccentric (e « 0.51) and also highly inclined (i = 79°)• Its apparent 
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distance varies from 2" to 22"* The actual distance varies from 11.4 to 
more than 35 astronomic units. 

The visual binary having the shortest known period is & Equulei, period 
5.7 years. The apparent semi-major axis of its orbit is only 0/27. The 
spectroscopic binary having the shortest known period is y IJrsae Minoris, 
period 0.1 1 days. The value of a sin i for this binary is only 35,000 kilo’ 
meters, and this is outdone by the brighter visual component of r Cygni, 
which is a spectroscopic binary with a sin i » 15,000 kilometers—about a 
quarter of the distance of the Moon from the Earth. The visual binary 42 
Coma Berenices, period twenty-five years, is distinguished for having an 
orbit plane which, according to See, passes directly through the Solar System. 
If this is precisely true, the star must be an Algol-type variable with an eclinse 
about every thirteen years; but the event would !>e very brief, and, as its 
precise time cannot be predicted, it has never been observed. 

The companion of Algol was considered to be perfectly opaque until the 
work of Stebbins with the selenium photometer in igro showed the existence 
of a minute secondary minimum in the light-curve, and that the curve sloped 
slightly upward preceding this minimum and downward following it. From 
the spectroscopic elements, the form of the light curve, and the parallax of 
°-°3 determined by Kapteyn and Weersma, it appears that the brighter 
star has a radius of 1.45, a mass of 0.37, a density of 0.12, and a luminosity 
of 160, all in terms of the Sun; and that the companion, of radius 1.66, 
mass o.iS, and density 0.04, is brighter on the hemisphere which is turned 
toward tire primary, that hemisphere having a luminosity of 17 and the 
other 10. The orbit is circular, radius 1,600.000 kilometers. There is evi¬ 
dence of an invisible third body in this system. 

The binary system of Sirius, which is of great interest, has already been 
discussed (pages 216, 310). 

Spectroscopic Binaries with Stationary H, K, and D Lines.— A number 
of Class B stars, of which 0 Ononis and f Scorpii are celebrated examples, 
are spectroscopic binaries in the spectra of which the H and K lines of ionized 
calcium do not partake of the shift of the other lines due to orbital velocity. 
In every such case, the H and K lines are sharply defined instead of broad 
and diffuse as in the solar spectrum. In a few cases, the D lines of sodium 
are known to lrehavc as do H and K. Many 13 stars and some 0 stars, 
which are not spectroscopic binaries, also display shaq> H and K lines. The 
velocity of the calcium, when freed from the motion of the Solar System, 
is in all cases small. The explanation seems to lie either in great clouds of 
calcium which intervene Ixstween us and these stars or in calcium envelopes 
which inclose the binary systems without partaking of their motion. In 
either ease, the calcium is ionized, probably by the intense radiation of 
the star, 


Plate 15.1. Spectra of Spectroscopic Binaries 



f Ursac Majoris—single and double lines. Ycrkes Observatory 
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Faint Proper-Motion Com Irani on of Castor—Single and Double Bright Lines 
Mount Wilson Observatory 
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Wolfs nebulous shell around Nova Perse! 1901 (page 342}* Drawings From 
photographs with Yerkcs 24-inch reflector* Left —190 r, Scpteml>cr20 (Ritchcy); 
right — 1902 February 8 (Pease)* Ruled lines are 2 mi rimes of arc apart* 
Top is north, left cast. 



Barnard's nebulous envelope around Nova Persei, photographed 
by Ritchey with 6Q-inch reflector, 1917 OctolxT |6, Negative 
print, greatly enlarged* Diameter of ring was 16", Top is north, 

left west. 



Nova Aquilac 1918, photographed by Duncan at Mount Wilson* Left —1918 
July 7, one month after outburst (60-inch), Right —1926 May 17, H years after 
outburst (loodnch). The original plate of 1926 shows 11 planetary nebula 16 
seconds of arc in diameter around the star, but it is too faint for reproduction* 
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VARIABLE STARS 

Discovery and Designation of Variable Stars.—A star whose 
brightness is known to change is called a variable star. The 
earliest record of such a phenomenon is that of the “new star 
or Nova observed between 0 and p Scorpii by Hipparchus in 
134 b. c. This star, like others of its class (page 339 et seq), 
appeared suddenly where none had been noticed before, and 
then gradually faded out. It is supposed to have prompted 
Hipparchus to make the first star catalogue in order to leave 
a record of the appearance of the heavens in his time for the 
use of later astronomers in detecting other changes. To the 
ancients, however, the “fixed” stars were symbols of immutabil¬ 
ity, and it seems to have been generally unsuspected that any 
of the known stars might vary in brilliancy. 

The first recorded discovery of a recurrently variable star 
occurred in a. d. 1596, when the Dutch astronomer Fabricius 
noticed in Cctus a third-magnitude star which had not previ¬ 
ously been recorded. It faded in a few weeks and was thought to 
be a Nova until 1638, when Holwarda, another Dutchman, again 
observed it and found that after disappearing again it reap¬ 
peared eleven months later. The star was then found to have 
been visible also in 1603, when Bayer had mapped it as o 
(Omicron) Ceti, evidently without suspicion of its identity 
with the star of Fabricius. The astonishment with which the 
phenomenon was then regarded is evidenced by the name Mira 
(wonderful) which was given to o Ceti by Hevelius of Dan trig, 
and by which it is still known. 

The Arabs may have noticed the variability of 0 Persei, for 
the name Algol (al Ghul, the demon) is somewhat out of keeping 
with the more complimentary names which they applied to 
many stars; but there is no other evidence that they did so. 
Montanari seems to have been the first, in 1669, to announce 
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its variability in Europe, but no careful study was made of 
Algol until that of Goodricke in 1782. Goodricke also dis¬ 
covered the variability of $ Lyras and 5 Cephei. 

The discovery of other variable stars at first proceeded 
slowly; in Argelander’s list of 1844 there were but 18 entries, 
and in Chandler’s catalogue of 1888 there were only 225; but 
since the latter date the number of known variables has 
increased, chiefly through the application of photography to 
the study of the stars, to several thousands. 

Variable stars not already lettered are designated by capital 
letters of the Roman alphabet beginning with R, followed by 
the genitive of the constellation name. They are lettered in 
the order of their discovery, and after nine variables in a single 
constellation have thus been designated the letters are repeated 
in pairs, as RR, RS, etc. Many faint variables, especially in 
star clusters or nebulas, have received no designation. 

Classification of Variable Stars. — While stellar variability is 
of every degree and kind and does not fall readily into separate 
classes, it is convenient to follow the classification of Pickering, 
which is as follows: 

1. Nova 

2. Long-period variables 

3. Irregular variables 

4. Short-period variables 

5. Algol-type variables or eclipsing binaries 

A star’s variation in brightness is best described by the 
dimensions and form of its light-curve, in which are correlated 
its brightness, expressed by magnitudes as ordinates, and the 
time from a chosen epoch or phase as abscissae. 

Algol-type Variables. — It has been pointedly remarked that 
variable stars of the Algol type are the only ones for which we 
have a reliable explanation, and that in reality they are not 
variable at all; they are binary stars, and it is only because of 
the location of the Solar System in their planes of motion that 
their light seems to vary. These stars were discussed in 
Chapter XV (page 333 et seq). It may be added here that about 
150 of them are known, that they are situated mostly near the 
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Milky Way, and that nearly all are of the B or A type of 

spectrum. _ 

Novae. — A “new" star, temporary star, or nova is a variable 

star whose light-curve rises very steeply to a single brilliant 
maximum and then descends more slowly, usually with many 
secondary maxima and minima at irregular intervals (Fig. 
172). The customary designation for such a star is the word 
Nova followed by the genitive of the constellation name and 
the year of principal maximum; thus, the nova of Hipparchus 
referred to on page 337 was Nova Scorpii 134 B - C. 

MAG. 



It was formerly believed that nova; were new creations which, after a 
brief lifetime, went out of existence; hut such a view is wholly at variance 
with what we know of other stars and of the material universe generally, 
and besides a number of recent nova; have been identified, on photographs 
and otherwise, with previously known stars and are still observed as faint 
stars many years after their outburst. 

From the time of Hipparchus to a. n. 1670, thirteen nova: 
were recorded, all of which were in or near the Milky Way. 
No more were discovered until 1848, but since that year and 

























340 


ASTRONOMY 


especially since the beginnings of astronomic photography dis¬ 
coveries of nova; have been frequent. Altogether, about fifty 
nova; have been observed near the Milky Way, most of which 
were bright enough at maximum to be seen by the unaided eye. 
Undoubtedly many fainter novae have escaped detection. In 
addition to all these galactic novae, about fifty have been 
found in the great nebula of Andromeda (Messier 31), and a 
few in other spiral nebulae. Only one nova—Nova Coronae 
Borealis 1866—is known to have appeared in any part of the 
sky except in or near the Milky Way or Magellanic Clouds or 
in the spiral nebula;. With one exception, nebular novae have 
all been very faint—mostly about the eighteenth magnitude— 
and have been discovered photographically with large reflecting 
telescopes. It is probable, however, that their actual luminosity 
is of the same order as that of galactic novae, their apparent 
faintness being due to their enormous distance. The exception 
was Nova Andromeda; 1883, which appeared about a quarter of 
a minute of arc from the nucleus of Messier 31, attained a 
magnitude of 7.3, and disappeared even to the largest telescopes 
in less than a year. 

_ After the nova of Hipparchus the most famous nova: of the past were 
Nova Cassiopeia: 1572, known ;is the star of Tycho Brahe, and Nova Ophi- 
uchi 1604. called Kepler’s star. When Tycho first saw the nova of 1572 it 
was already brighter than Jupiter, and it grew brighter still during the next 
few days, so that it rivaled Venus and was visible in broad daylight; it then 
faded slowly, and disappeared in about eighteen months. Tycho's deter¬ 
mination of its jxjsition was not sufficiently accurate to make its identifica¬ 
tion at the present day certain; it might be either of two stars of almut the 
twelfth magnitude which are near the place given by Tycho, or possibly it 
has faded to a point below the reach of even modem instruments. Kepler’s 
star became brighter than Jupiter, faded from naked-eye vision in a little 
more than a year, and left no identifiable trace. 

The twentieth century has so far witnessed the outburst of 
a number of faint galactic novae and of five bright ones, from 
which, with the great telescopes and spectrographs of to-day, 
much information about these unusual stars has been gathered. 
The five bright nova; are: Nova Persci 1901, maximum 
magnitude 0.0, discovered by Anderson of Edinburgh; Nova 
Geminorum 1912, maximum 3.4, discovered by Enebo in 
Norway; Nova Aauilsc 1918, maximum — i.o, discovered 


VARIABLE STARS 


341 


independently by many observers, principally in America; 
Nova Cygni 1920, maximum 1.8, discovered by Denning in 
England; and Nova Pictoris 19251 maximum 1.1, discovered 
by Watson in South Africa. 

" The Spectra of Novae.—The spectra of novae undergo rapid 
changes which, in view of the stability of most stellar spectra, 
are most astounding. If observed during its rapid rise in 
brilliancy, the typical nova exhibits a spectrum similar to that 
of a star of B or A type, except that the dark lines are greatly 
displaced toward the violet, as if by a velocity of approach of 
several hundred kilometers per second. This displacement 
finds a reasonable explanation on the hypothesis of a shell of 
gas expanding around the star with explosive velocity. The 
intensity of the lines increases with the brightness of the star, 
and at maximum the spectrum is likely to be of a modified A 
type having very broad absorption lines. As the star starts on 
the downward portion of its light-curve, its color changes from 
white to yellow, and bright lines, particularly of hydrogen 
and ionized iron, appear in about their normal positions, on 
the redward side of the absorption lines. These bright lines 
soon broaden enormously into wide bands of complicated 
structure. A few days later, a new set of dark lines appears, 
even more displaced toward the violet than the first set (in the 
case of Nova Aquilae 1918, the displacement was such as to 
indicate a velocity of —1800 km./sec.), and then the bright 
lines increase further in intensity, while the continuous back¬ 
ground fades. The color of the star then rapidly changes to 
a deep red, due to the fading of the continuous spectrum and 
to the predominance of the bright Ha. After a few weeks the 
bright lines of the nebular spectrum appear and the former 
spectrum gradually vanishes, leaving the spectrum like that of 
a gaseous nebula except that the lines are broad. The star 
then assumes a green color due to the intense nebular line at 
5007 Angstroms. Later still, as the star subsides to incon¬ 
spicuousness, the continuous spectrum reappears, and with it 
emerge the bands characteristic of the O-type or Wolf-Rayet 
stars. In this final stage the color of the star is again white. 

Nebular Phenomena of Novae.— Not only do novae show 
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affinity with nebula; by their spectra, but in some cases nebula: 
have developed around them which have been seen and 
photographed. The most striking case is that of Nova Persei 
1901, which, for a few' days in February of that year, was the 
brightest star in the northern heavens. In August, when the 
light of the nova had diminished to less than one per cent of 
its maximum, Wolf of Heidelberg discovered by photography a 
faint shell of nebulosity centered upon the star. Successive 
photographs of this shell, obtained by Ritchey at Yerkes and 
Perrine at Lick during the following autumn and winter, 
showed that it was expanding at the prodigious rate of between 
two and three seconds of arc a day (Plate 16.1). The parallax 
of the nova proved to be about 0*01, corresponding to a dis¬ 
tance of about 300 light-years (parenthetically, the outburst 
which was observed in 190 r actually occurred about the year 
1600, before the landing of the Pilgrims). At that distance, 
the observed rate of expansion of the nebulous shell indicated 
an actual velocity equal to that of light, and it became evident, 
as Seeliger pointed out, that Ritchey and Perrine were wit¬ 
nessing the successive illumination of more and more distant 
parts of a nebula already existing, as the light of the star 
traveled farther and farther out. 

Fifteen years later, long after the great light-echo had spent 
itself, Barnard discovered visually at the Yerkes observatory a 
much smaller nebulous envelope, which also spread outward 
but much more slowly, the rate being about a year. 
The expansion of this little nebula is attributed to an actual 
motion of the gas at a velocity of some hundreds of kilometers 
a second. The nova at the time of Barnard’s discovery had 
descended to the thirteenth magnitude, having lost all but 
about 1/160,000 of its maximum light. 

A similar development of small planetary nebula: was observed 
to take place around Nova Aquilae 1918 and Nova Cygni 1920. 
In the case of the former, the images formed by the nebular 
lines in the slitless spectrograph used by Moore and Shane 
at the Lick Observatory grew about twice as rapidly as the 
Hj 3 image, indicating a more rapid expansion of nebulium than 
of hydrogen, and the lines corresponding to different parts of 
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the little nebula w'ere so displaced as to indicate an intricate 
internal motion. 

Conjectures as to the Cause of Nov® — There can be no 
doubt that the sudden enormous increase in the brightness of 
a nova is due to some tremendous cataclysm, but the nature of 
the cataclysm is difficult to guess. Three possibilities have 
been suggested: (1) a collison of two stars, or vast tidal 
upheavals resulting from their close approach; (2) an outburst 
of the energy imprisoned within a star by the formation and 
contraction of a crust at its surface; and (3) the passage of a 
star through a dark nebula, the temperature of the star being 
raised as that of a meteor is raised by passing through the air. 

Each of these hypotheses encounters difficulty. Opposed to 
the first is the vastness of the distances between the stars as 
compared to their diameters, which should render close 
approaches very rare indeed, while nova: are rather fre¬ 
quent. The second seems insufficient because the internal 
heat of a star which had cooled to the point of forming a crust 
could hardly explain the terrific outburst of radiation which 
occurred, for example, w r hen Nova Aquilas 1918 rose in four 
days from magnitude 10.5 to magnitude -1.0—a 40,000-fold 
increase in light; and besides, the second theory does not 
account for the extreme galactic concentration of the novas. 
While the third hypothesis receives support from the dark 
nebula w'hich evidently had existed around Nova Persei 
previously to its flaring up and which was illuminated by the 
star, it is difficult to conceive of so much energy being liberated 
by the star’s passage through a medium of such extreme 
tenuity as the diffuse nebulae are known to be. 

Long-period Variables. — Several hundred stars are known 
whose light varies through a range of from five to eight magni¬ 
tudes in periods which are nearly all included betucen no 
and 450 days, most of them being near 330 days. These 
variables have a number of characteristics in common. Their 
light-curves do not repeat themselves exactly, either in the 
range of brightness or in the interval between maxima. In 
most cases, the increase of brightness is more rapid than the 
decrease. All are red stars, mostly of spectral type M, while 
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a few are of types N, R, and S. At and near the time of 
maximum light, bright lines, particularly those of hydrogen, are 
superposed upon their spectra. None are known to be con¬ 
nected with nebulas except R Aquarii, in the spectrum of 
which Merrill found bright lines of “nebulium,” and around 
which Lampland discovered a small nebula of peculiar form. 
Variable stars of the long-period class show no marked prefer¬ 
ence for the Milky Way. 

1 he type star of the class is Mira Ceti, which has probably been studied 
more fully than any other star. Its period averages 330 days, but varies 
from this at times by as much as 15 days either way. At maximum light, 
the star is sometimes as bright as magnitude 1.5 and sometimes as faint as 
5.6, but usually is about 3.5; while at minimum it is usually about 9,2, but 
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has been as faint as io,g and sometimes has sunk only to 8.0. Fig. 173 
shows the light curve during two periods. 

1 he spectrum of Mira varies from M6 at maximum to Mc> at minimum. 
According to a recent study by Joy at Mount Wilson, no emission lines are 
present at minimum, but bright hydrogen lines appear soon after minimum 
and increase in intensity until alxmt maximum, bow-temperalure emission 
lines of iron, magnesium, and silicon appear some time after maximum. 
The dark bands of titanium oxide are especially strong at minimum. 

The effective temperature of the star varies from aI>out 1,500° C. at 
minimum light to about 2,000° G at maximum. Measures of the total 
energy made with the thermocouple (page 228) by Nicholson and Pettit 
indicate a “radiometric 11 brightness about eight magnitudes higher than the 
visual and a variation in total radiation of only about one magnitude. The 
great difference between the visual and the radiometric range is easily ex¬ 
plained by the displacement with changing temperature of the point of 
maximum energy in the spectrum according to Wien’s law (page 158); at 
minimum, the greater part of the energy is contained in the infra red radi¬ 
ation. but at maximum the peak of the energy curve is shifted into the vis¬ 
ible spectrum, and the visual light increases more rapidly than the total 
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radiation. This effect is accentuated by the intensification of the dark 
titanium oxide bands at minimum, since they lie entirely in the visible part 
of the spectrum. 

The radial velocity indicated by the absorption lines varies through a 
range of about 12 km./sec. in the period of the light-variation. The emis¬ 
sion lines, on the other hand, show a variation of 19 km./sec. At minimum 
light, their velocity is the same as that of the absorption lines, and at all 
other times they show a relative motion toward the observer. 

Interferometer measures by Pease show that the star is of enormous size, 
its diameter !>cing about 500,000,000 kilometers. The variation of radial 
velocity cannot be due to orbital motion, for the semi-axis of the orbit com¬ 
puted on this interpretation is only 26.000,000 kilometers, about r 1 per cent 
of the radius; if the velocity curve is due to the influence of a companion, 
the companion must be inclosed far within the visible star. 1 he most natural 
explanation of the oscillation of the spectral lines is that the star pulsates,, 
dilating and contracting in the period of its light-changes. The shell of gas 
which gives rise to the emission lines evidently pulsates through a wider 
range than the lower-lying reversing layer. 

Although not a spectroscopic binary, Mira has a visible companion whose 
existence was inferred by Joy in 1922 from peculiarities in the bright-line 
spectrum. At Joy’s suggestion, the companion was sought for visually by 
Aitken with the Lick refractor, and easily found by that skillful observer 
at a*distance of 0*9, although it had eluded previous scrutiny with large 
telescopes by several observers, including its discoverer. It is a white star 
of about the tenth magnitude, but appears to be slowly growing fainter. 
Its spectrum exhibits the bright lines of hydrogen, helium, ionized iron, 
and calcium, but no dark lines except those of hydrogen. 

Like the novae, the long-period variables are awaiting an 
adequate explanation. It is certainly to be expected that a 
pulsating star would vary in brightness; but it should be 
hottest and brightest when smallest, and this is not found to 
be the case with Mira, which is brightest when about the middle 
of the contracting phase. An older suggestion postulates a 
variation of internal activity similar to that which produces 
the eleven-year cycle in the Sun (whatever the cause of that 
may be), but the Sun's variation is of so much longer period 
and so much smaller amplitude than that of the red stars that 
it would seem to be a different kind of phenomenon. 

Irregular Variables—The most famous of irregularly vari¬ 
able stars is probably y\ Argus {or rj Carinse), situated in the 
“keyhole” nebula in the southern circumpolar region (Plate 
14.4). It was first noticed in 1677 by Halley, and from that 
year until 1825 it varied irregularly from the second to the 
fourth magnitude. In 1S27 it rose to the first, but fell again 
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to the second by 1830. In 1843 it reached magnitude —1.0, 
and so was the brightest star in the sky except Sirius; but 
during the following years its brightness greatly diminished, 
and since 1886 it has been about constant at magnitude 7.5. 
The spectrum is one of a very rare type, consisting almost 
wholly of bright lines in which hydrogen and ionized iron pre¬ 
dominate. No other bright irregular variable is known which 
has a range of brightness approaching that of y Carinas. « 
Herculis, aOrionis, and 0 Pegasi are all examples of irregular 
variables of small range. A number of variables which are 
sometimes classed with Mira have shorter periods which are 
much less regular. These stars have spectra which, although 
of the M type, contain no bright lines. 

In the great nebula of Orion, and also in the similar diffuse 
nebula Messier 8 Sagittarii there are many faint red stars which 
vary quite capriciously over a range of several magnitudes. It 
has been suggested that these are “friction variables,” a part 
of their light being due to friction with portions of the nebula 
which vary in density; but in view of the probable extremely 
low density of all known nebulosity a better explanation is 
perhaps that the light of these stars is obscured to varying 
degrees by passing wisps of dark nebula. Either explanation 
must be regarded as a mere guess, and probably not the right 
guess. 

Progressive changes of brilliancy are suspected in a number 
of stars; for example, Pollux, which now- is considerably 
brighter than Castor, was lettered 0 by Bayer in 1603, u'hile 
Castor was lettered a as if at that time it were the brighter. 
The wonder is that the agency w r hich produces the radiation of 
a star is so nicely adjusted that progressive changes are not 
noted in most of the stars. 

Stars of the Types of R Coronse and SS Cygni.— Somewhat 
resembling the long-period variables, but much less regular, are 
a few stars which fall into tw r o classes. Of one of these, R 
Corona: Borealis is the model. It is ordinarily of the 5.5 
magnitude, but is subject to sudden drops of several magni¬ 
tudes, even down to the twelfth, whose date and duration are 
unpredictable. Stars of this type lie near the Milky Way. 
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The other class is represented by SS Cygni, which, usually 
of the eleventh magnitude, suddenly rises to the ninth or 
eighth. It often shows two alternating types of maximum, one 
of longer duration than the other, but occurring at irregular 
intervals. 

Short-period Variables,—The variable stars of short period 
are sometimes divided into two sub-classes: Cepheids (type- 
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star 5 Cephei), whose periods are longer than three days; and 
cluster variables or cumulids, found abundantly in globulai 
star clusters, of periods less than a day. Very few variable stars 
(except Algol variables) are known to have periods between one 
and three days. 

Most of the short-period variables are faint and probably 
very remote. All are punctual. Most have light-curves 
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which rise more rap’dly than they fall. All which are bright 
enough to have been studied spectroscopically show spectra of 
A, F, or G type which change slightly with the brightness of the 
star, being of the cooler type at minimum; and each shows a 
variable radial velocity having a period identical with the 
light period. The variation, however, cannot be due to eclipses, 
for the maximum light invariably occurs near the time of 
maximum velocity of approach (Fig. 174) and minimum light 
at maximum velocity of recession, whereas in the Algol stars 
the minimum necessarily occurs on the rising branch of the 
velocity curve. The remarkable correlation between the period 
and luminosity of these stars, discovered by Miss Leavitt and 
used by Shapley and others for determining their distances, is 
discussed on pages 312 el seq. 

Two lines of explanation have been offered for the phenomena 
of Cephcid variation and, as in the case of other variable star 
theories, neither is satisfactory. They are referred to as the 
binary and the pulsation hypotheses. According to the first, a 
Cephcid is a close binary, surrounded by a tenuous envelope 
through which the two stars move in their orbits. The brighter 
star, which alone impresses our instruments, is either heated 
by contact with this medium more on its preceding hemisphere 
than on the following, or its own slightly opaque atmosphere is 
brushed back from the preceding side. In cither case the star 
would be, as observed, brightest when at the lowest point of 
its velocity curve, due in the first case to greater emission and 
in the second to greater absorption of its light. The binary 
hypothesis accounts for all the facts of observation, but fails 
in one respect: for the lack of measurable parallax in any of 
the Cepheids and the spectroscopically determined great 
luminosities of many indicate that they are giant stars, while 
the orbits obtained on the hypothesis of their binary character 
are all so small that, if the bright star really is a giant in size, 
the companion must revolve inside it. Moreover, no Cepheids 
are known to exhibit periodically double lines, as some might 
be expected to do if they were binaries. 

According to the pulsation hypothesis each Cephcid is a 
single giant star, and the variation of its velocity is to be 
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explained by a pulsation, the star expanding and contracting 
periodically as Mira appears to do (page 345 )* This explains 
the forms of the velocity curves fairly satisfactorily, fits in 
with the correlation of period and luminosity, and gives a 
reasonable explanation of the existence of a variation in light 
since a body of gas is cooler when in an expanded condition 
than when compressed; but the theory fails completely to 
account for the peculiar relation between light curve and 
velocity curve and is somewhat strained to account for the 
lack of symmetry in the light curve. 

Jeans has recently overcome some of the difficulties of the pulsation 
hypothesis in a mathematical treatment of a pulsating star which is at the 
same time rotating, as most stars probably are. and in which the pulsations 
combined with the rotation are in the act—an act which is likely to l>c pro¬ 
tracted some ioo.ooo years—of producing a fission of the star into two 
bodies which will ultimately develop by tidal action (page 230) into an 
ordinary binary. 
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THE NEBULAE 

Observations of Nebulae Prior to the Use of Photography.— 
The word nebula is used in Astronomy to denote any object 
outside the Solar System which occupies a perceptible area in 
the sky and which cannot be resolved by 'arge telescopes into 
stars. 

The term stelia nebuhsa was applied by the early astronomers to any 
hazy, luminous spot which seemed Axed among the stars. In his Almagest, 
Ptolemy listed six, all of which have proved to be star clusters or loose 
groups of stars. They include Praesepc, the double duster in Perseus, a 
bright cluster (Messier 7} in the tail of the Scorpion, and three loose groups 
such as the one composed of <p x , and X Orionis in the head of Orion, which, 
with attention, are easily resolvable by the naked eye. Some of the Stella; 
nebulosa;, as h and x Persei, w Centauri, and 47 Toucanae, were given 
stellar designations on the maps of Bayer and Flamsteed, 

Very few of the nebula: which are still recognized as such are visible to 
the unaided eye; among these few the only one easily seen is the great nebula 
in Andromeda (Messier 31). which was recorded by A 1 Sufi in the tenth 
century. Remarkably enough, Galileo makes no mention of true nebula;, 
although he made a careful examination of the region of Orion which con¬ 
tains one of the brightest. The honor of the first telescopic discovery of a 
nebula seems to belong to an admirer of Galileo's, Peiresc of Provence, who 
found the great nebula of Orion {Messier 42} with a telescope in December, 
1610, Two years later, the Andromeda nebula was first observed telescop¬ 
ically, by Simon Marius in Germany, who compared it to a candle shining 
through a plate of horn. 

The first catalogue of nebula; and star clusters was formed 
by the French astronomer Messier in 1781. Messier’s chief 
interest lay in the discovery of comets and, as many of the 
nebulae resemble faint comets when seen in a small telescope, 
he found it expedient to list the brighter ones with their right 
ascensions and declinations and a brief description in order 
that they might be readily recognized- His list contains 103 
objects, more than half of which are star clusters, although 
Messier described many of these as “nihuleuse sans etotles T 
For many of these nebulae and clusters, their numbers in 
Messier's list are the most common designation, 
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No great interest seems to have been taken in the nebulae 
until 1783, when Sir William Herschel began his systematic 
study of the heavens with an eighteen-inch reflector (page 
297), during the course of which, with the aid of his sister 
Caroline, he found more than 2,500 new nebulae and clusters 
which he classified and described L This work was extended to the 
southern hemisphere by his son Sir John Herschel, who took 
the eighteen-inch telescope on an expedition to the Cape of 
Good Hope in 1834. In 1864 Sir John published a General 
Catalogue describing over 5,000 nebulae and clusters, only 450 
of which were discovered by other observers than the Herschels. 
This catalogue is now superseded by the New General Cat¬ 
alogue published in England by J, L, E, Dreyer in t888. With 
its two later additions, the Index Catalogues, JDreyer’s compi¬ 
lation contains more than 13,000 objects. Most nebula; and star 
clusters are commonly known by their numbers in Dreyer’s 
catalogue, the name of which is abbreviated by N. G. C, Thus, 
the great nebula of Andromeda is referred to as Messier 31 or 
as N. G. C. 224. 

About the middle of the nineteenth century a six-foot reflector was built 
in Ireland by Lord Rosse, and with this the detailed structure of many 
nebulae was revealed, the most important discovery Ixjing that of a spiral 
or whirlpool form. Lord Rosse compared many nebula; rather fancifully 
with familiar objects, applying to them names by which they are still con¬ 
veniently known, although the resemblance is not always striking. Examples 
are the Owl nebula {Messier 97 ), the Crab nebula (Messier 1 ), and the Dumb¬ 
bell nebula (Messier 27 ). Other valuable observations of the forms of nebulas 
were made by the English astronomer LasselL who transported a twenty- 
four-inch reflector for this purpose to the island of Malta. 

It was commonly believed in HerseheFs time that all 
nebula; were “resolvable" if only a sufficiently large telescope 
were used, and that many were “island universes 1 ' or sidereal 
systems comparable in size with the Galactic System; but Sir 
William Herschel later expressed the view that some of the 
nebulae were composed of a shining fluid which was not of a 
starry nature. This view was strongly confirmed by Sir 
William Huggins, when in 1864 he examined the spectrum of 
the little bright nebula (N. G. C. 6543, Plate 17.x) which is 
very near the north pole of the ecliptic, and saw but a single 
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bright line in the green (many fainter lines have since been 
observed), showing that the nebula was “not an aggregation 
of stars, but a luminous gas." Many nebulae have a spectrum 
similar to this, while many others have spectra like those of 
the stars. 

Photographic Studies of Nebulae. —In the study of nebulae, 
photography possesses two great advantages over visual 
observation: first, a well-made photograph is a permanent 
and accurate record of the appearance of the object observed, a 
record which is free from personal bias or misjudgment on 
the part of the observer. Second, by prolonging the exposure 
of the plate, often to a duration of many hours, details are 
shown which are much too faint to be perceived by the eye. 

The first successful nebular photograph was made by Henry 
Draper of New York in i88o, when he photographed the great 
nebula of Orion with an eleven-inch refractor, exposing the 
plate fifty-one minutes. This was soon surpassed by plates 
taken with a three-foot reflector by Common in England. In 
1886 Isaac Roberts began in England an extensive program with 
a twenty-inch reflector, and by the end of the century he had 
published two fine volumes of photographs of nebulae and 
star clusters. His three-hour exposure on the Andromeda 
nebula in iS88 was a great revelation, for it showed that 
certain vague dark lanes previously noted by visual observers 
were really a part of a convoluted structure and that this 
great nebula is one of the spirals. Roberts’ photographs were 
improved upon by Keeler at the Lick Observatory, who used 
a three-foot reflector from 1899 to 1901, while during the last 
decade of the nineteenth century and the first two of the 
twentieth, wonderful photographs of extended nebulosities and 
of Milky Way structure were made with large lenses of the 
portrait type by Barnard at the Lick and Yerkes Observatories, 
Wolf at Heidelberg, and Bailey at the Harvard Observatories 
in Massachusetts and Peru. 

Probably the most perfect nebular photographs yet obtained 
are those made by Ritchey with superior reflectors of his own 
construction, first a twenty-four-inch which he used at the 
Yerkes Observatory from 1900 to 1904, and later the sixty- 


Plate 17.1. Planetary Nebula 

Photographed with 60-inch and too-inch reflectors at the Mount Wilson 

Observatory* 

Scale for bottom row, 1 ineh = 50"; for others, 1 inch = 6.5 



N.G.C, 7293 (Hubble, 100-inch) 



M 97 (Ritchey, 60-inch) M 27 (Duncan, 100-incb) M 57 (Duncan, 100-inch) 





N,G.C. 7009 (Pease, 
60 -inch) 


X.G.C. 7662 (Pease, 
6 oinch) 


N.G.C. 6543 (Pease, 
60-ineh) 
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Spectra of Nebulae, mostly Planetary (Lick Observatory) 
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Spectrum of the Merope Nebula, photographed by V, M, Slipher in 1912 
with an exposure of 21 hours. Tt is similar to the spectrum of Merope and affords 
evidence that nebulae derive their light from stars* 
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Spectra of Spiral Nebulae, photographed by V* Slipher. N.G.C, 4594. shows 
high positive velocity and rapid rotation The velocity of N.G.C, 224 is large 
and negative. 
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inch Mount Wilson reflector, which he used principally from 
1908 to 1910. The one hundred-inch mirror of the Hooker 
telescope at Mount Wilson was also constructed under 
Ritchey’s supervision, and has been used in nebular photo¬ 
graphy since its completion in 1918. 

For photographing objects whose diameters are less than a 
degree, or for the detailed study of larger objects, no instrument 
is better than a reflecting telescope; its mirror is perfectly 
achromatic, and if constructed with a large ratio of aperture 
to focal length (in most modem reflectors this ratio is 1 :s). lt 
is very rapid. For the general study of more extended bodies, 
such as the galactic clouds and the largest nebula;, the field of 
good definition in the reflector is too small, and better results 
are obtained with large lenses of the type used commercially in 
the making of portraits. 


Most nebulce are extremely faint, even as they appear on the photographic 
plate In the illustrations reproduced in this liook, the contrast of the nebula 
with the sky background was usually heightened by successive copying on 
slow, fine-grained plates." A glass positive was made from the original nega¬ 
tive, a second negative from this, and a paper print from this second negative 
and the copper-plate used in printing the half-tone illustration was made 
by a photographic process from the paper print. This procedure is neces¬ 
sary in order that the faint details of the original negative be not lost m 
reproduction. The scale of the photograph was in many cases enlarged or 
reduced to suit the available space. The long rays which appear attached 
to the bright stars in the photographs made with reflecting telescopes are 
caused by diffraction of the star's light by the thin steel webs which support 




Classification of Nebulae.—There is probably an even 
greater diversity among the nebula: than among the stars. 
The classification of Sir William Iiersehel has been revised 
from time to time as additional information has been gathered. 
The form given below, which is due to Hubble, is in harmony 

with the results of recent researches. 

The division of nebula; into two great classes is based partly 
upon their apparent distribution and partly upon their probable 
nature. The planetary and diffuse nebulae are all situated 
apparently in or near the Milky Way, and there is good reason 
to believe that they belong to the Galactic System and have 
distances of only a few hundred or at most a few thousand 
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light-years. The elliptic and spiral nebulae arc found only in 
moderate and high galactic latitudes, and are probably 
entirely extraneous to the sidereal system to which the Sun 
belongs. Many of them may be “island universes” in the sense 
in which the term was used by Hcrschel, and the distances of 
the majority of them must be many millions of light-years. 


Galactic 


CLASSIFICATION OF NEBULA!. 

Planetary 

’ Having bright-line spectra 

1 Luminous * 

. Having dark-line spectra 

Obscure 

Normal 

Spiral ' 

Barred 


Extra-galactic 


Elliptic 

Irregular 


Planetary Nebulas.—The term planetary nebulae was 

applied by Iierschel to objects having small, well-defined, 
circular or elliptic disks which, as seen in moderate-sized tele¬ 
scopes, often resemble those of planets. They range in apparent 
size from mere points which can be distinguished from stars 
only by their spectra to the helical nebula N. G. C. 7293 
Aquarii {Plate 17,1), which is about 15' in diameter. The 
parallaxes of a few have been measured, but with considerable 
uncertainty ; probably none are nearer than 300 light-years, 
while some may be thousands of light-years away. Their 
real diameters must be several thousand times that of Neptune’s 
orbit. 

The large planetaries, of which the Owl and the Dumbbell 
(Plate 17.1) are additional examples, are very' few in number 
and rather faint; the small ones, mostly a few seconds in diam¬ 
eter, number about 130 and many of them are so, bright that 
they can be photographed with present-day reflectors with 
only a few seconds’ exposure. Most of the knowm planetary 
nebulae contain centrally located stars which, in the few cases 


Plate 17*3 


























Platk 174. The Sword of Orion 



Showing the Great Nebula (M 42) around the multiple star 0 Orinnis and, at the 
top of the plate, the Nebula N.G.C 197? around r Ononis. The wide double 
star * Ononis appears at the bottom of the plate. Photographed by Ritchey, 
1901 October 19, with 24-inch Reflector. Exposure 1 hour. 
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that are bright enough for speetrographic observation, are 
of the B type or hotter. Where no central star appears, there 
is usually evidence of dark material by which it may be con¬ 
cealed, Sometimes the central star is much brighter than the 
nebula, producing what Herschel called a nebulous star; more 
frequently it is fainter than the nebula and its light is often so 
concentrated in the violet end of the spectrum that the star 
is imperceptible visually in all but the largest telescopes, 
although showing conspicuously on photographs. 

As photographed with large telescopes, the disks of the plan¬ 
etary nebula? show numerous details. Many are brighter at the 
circumference, giving the appearance of a ring as in the famous 
nebula in Lyra (N. G, C, 6720; Plate 17,1}; some, like N, 
G, C. 7009 and 7662 (Plate 17*1), have two or more concentric 
rings; and a few appear to be spirals, evidently not of the flat 
or watch-spring variety, but helical tike a corkscrew. All 
are fairly symmetrical with respect to a central point or star. 
It is practically certain that few of these nebula? are really flat 
rings, for only one or two present an appearance that can be 
due to a thin ring turned edgewise; they must be translucent 
shells of gas, the appearance of a ring being due to the greater 
thickness of gas in the line of sight at the apparent edge of the 
shell. 

As observed visually with the one-hundred-inch telescope, many of the 
planetary nebula: present beautiful colors. The brightest ones are mostly 
of a greenish blue, while others are predominantly red. The two bright 
planetarics N.G.C. 7662 and N\G.C. 3242 have very bright greenish-blue 
rings inclosed in fainter and larger shells of a rosy hue. The central stars, 
which are probably white, appear yellow in contrast with the blue ring. 
The “Saturn” nebula (N.G.C. 7000) consists of a bright greenish-blue ring 
or “ball” with reddish ansre resembling in form the ring of Saturn, and with 
a yellow-appearing central star. The celebrated O-type star BD 4- 30° 
3630, which was found spectroscopically by Campbell to be surrounded by 
a small gaseous nebula, appears in the one-hundred-inch telescope in the 
center of a beautiful rosy envelope about 4" in diameter. 

The spectra of planetary nebulae consist of bright lines only 
or of bright lines on a continuous background (Plate 17.2). 
Photographed with a slitlcss spectrograph, the bright lines 
become monochromatic images of the nebula, and it is thus 
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often found that the form of the nebula appears different in 
light of different wave-lengths, due probably to a variety of 
distribution of the constituent gases. The brightest visible 
lines are usually R 0 and the lines of "nebulmuT at 4959 and 
5007 Angstroms; the “nebulium” line at 3727 is conspicuous 
on photographs. Other lines are due to hydrogen and helium, 
and probably also to carbon and nitrogen—all elements of 
low atomic number and atomic weight. 

Until recently, it was believed that nebulium would eventually Ire dis¬ 
covered in the laboratory as helium was found by the chemist Ramsay 
many years after its detection in the Sim; but modem atomic theory shows 
that only ninety-two elements are possible which have atomic weights no 
greater than that of uranium, and all but two of these elements have now 
been discovered. The four remaining elements are all of great atomic weight, 
and they cannot be expected to lx; associated with the extremely light ele¬ 
ments like hydrogen and helium which are found in the nebula;. It is neces¬ 
sary to suppose that “nebulium” is an ionized or otherwise modified form 
of one of the elements already known. 

The spectral lines of most planetary nebula: are considerably 
displaced, indicating velocities which average about 30 km./sec. 
—considerably higher than the average velocities of the 
stars. The lines, when the slit is placed centrally, are often 
inclined in such a way as to indicate a rotation around the 
shortest axis of the nebula, and in some cases they are doubled 
and in some distorted in a manner difficult to interpret. A 
simple doubling of the spectral lines where the slit of the 
spectrograph crosses the center of the nebula is probably due 
to an expansion of the nebulous shell; for these nebulae seem 
to be nearly transparent so that the light comes to us from 
both the front and the rear; and an outward motion would 
shift the lines toward the violet for the particles on the nearer 
side and toward the red for those on the farther. 

The rotational velocities found by Campbell and Moore at 
the Lick Observatory signify, on reasonable assumptions of 
distance, periods of thousands of years and masses several 
times the mass of the Sun. Their densities must be exceedingly 
low, even in comparison with those of giant stars. 

The central stars of planetary nebula: are mostly of the O 
type of spectrum, a state to which, as we have seen, nova: are 
eventually reduced, This fact and the further one that such 


Plate 17,5, The Veil Nebula, N,G,C* 6960 and 6992 Cygs*i 




Photograph by Barnard with 10-ineh lens, N,G.C, 6992, photographed by Ritchey with 

Bright Meteor Trail at Left 60-inch reflector 


























Plate 17.6. Nebulosities south of f Orionis 
The dark 11 Horse-head " nebula, Barnard 33, is near the centre. PliotoEraphed 
by Duncan, 1920 November 13, with too-inch reflector. Exposure 3 hours. 
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nebute have actually been observed to form around nova; 
(page 342) have led to a belief in such a catastrophic origin of 
all planetary nebulae. It is probable that they are the shells 
of gas which, perhaps after many tens of thousands of years, 
are still expanding around the sites of ancient explosions. 

Diffuse Nebulae. —Galactic nebulas of the second class dis¬ 
play a great variety of form, size, and brightness. Few show 
any of the sharpness of outline that characterizes the planetary 
nebulae, and most of them fade imperceptibly into the back¬ 
ground of the sky; hence the term diffuse. Some, like the 
great faint wreath that incloses the constellation Orion, extend 
over many degrees on the celestial sphere, while some are only 
tiny wisps. The brightest of the diffuse nebulae is the central 
portion of the great nebula in Orion (M42, Plate 17.4), which 
is very dimly visible to the unaided eye as a slight mist around 
the middle star of Orion’s sword, Some are so faint as to 
require many hours’ exposure to record them on photographic 
plates at the focus of a modem reflector; and some, the dark 
nebulae, are manifest only as they are silhouetted against a 
brighter background of stars or luminous nebulosity. 

The spectra of most luminous diffuse nebulae are characterized 
by bright lines and are similar to those of planetary nebulae; 
many appear to consist of bright lines only, while others have a 
continuous background. Some have dark-line spectra. The 
radial velocities shown are usually small. 

The parallaxes of such ill-defined objects could not be directly 
measured even if they were large. From the moius parallac- 
ticus of the stars involved in the Orion nebula, Kapteyn has 
estimated its distance at 600 light-years. 

The density of these objects must be exceedingly small. It 
may be shown that, if the mass of the Orion nebula were as 
great as 100,000 times the Sun’s mass, its gravitational attrac¬ 
tion would affect perceptibly the proper motions of the neigh¬ 
boring stars, which it does not; and yet even the bright portion 
near the center is about a third of a degree in diameter, corres¬ 
ponding to a real diameter of about 3 light-years, or 20,000,000 
times the diameter of the Sun. The mean density is therefore 
at most of the order of io~ 17 , or about a millionth that of the 
best vacuum yet produced artificially on the Earth. 
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The Source of the Light of Galactic Nebulae. — That such 
extraordinarily tenuous objects as the galactic nebula: could 
shine by virtue of their own high temperature is difficult to 
believe; in fact, the word temperature would have no meaning 
as applied to such material. It has often been suggested that 
the source of the nebular light is the stars; and Ilubble, from 
a study of many galactic nebulae, finds strong evidence in 
favor of this view, as follows: 

1. Every luminous diffuse nebula (except one — N. G. C. 
6960-6992, Plate 17.5) surrounds or lies near a conspicuous 
star or stars, usually of the hot spectral types. At the center 
of each bright planetary nebula is a star, of the O or B type 
in each case for which there is evidence, while the planetaries 
in which no star is perceptible are faint and may contain 
stars too faint to be observed. 

2. A definite relation exists between the spectrum of the 
nebulosity and that of the associated stars: if the stellar 
spectrum is of the B 0 or hotter type, the nebular spectrum 
consists of bright lines only or of bright lines on an extremely 
faint continuous spectrum; if the star is of type B! or cooler, 
the continuous background is conspicuous, and in some cases 
the nebula has a dark-line spectrum. 

3. For a given exposure of the plate (corresponding to given 
brightness of the nebula) the extent of the illumination is the 
greater, the greater the brightness of the star; the relation being 
that which would be expected if the intensity of the illumina¬ 
tion varies inversely as the square of the distance. 

The manner in which the stars cause the nebulae to shine is not known. 
\\ M. Sliphcr, who discovered that the nebulous brush around Merope in 
the Pleiades (Plate 14.1) had a dark-line spectrum identical with that of 
the star, considered the star’s light to be simply reflected by the nebula, 
and this may be generally true of nebulae connected with B- and A-type 
stars. It cannot t)e true of most bright-line nebulae, since their spectra 
differ radically from those of their dominating stars; these nebutre must be 
in some way excited to self-luminosity by the action of the stellar radiation, 

It is probable that the apparent form of a luminous diffuse 
nebula seldom corresponds to the actual distribution of matter 
in space, since we perceive only the portion of it which is 
brought to luminescence by the influence of the associated 


Plate 177. Diffuse Nebulae in Sagittarius, photographed by Duncan at Mount Wilson Observatory 




Messier 8,1919 June 27. Exposure 3 hours. 60-inch Reflector Trifid Nebula (M 20), 1921 June 30. Exjiosure 

2 hours 30 minutes, 100-inch Reflector 
















Plate 17*8. Dark Nebula-: in the Milky Way in Sagittarius, photographed 
by Duncan with 100- inch Reflector 
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Barnard 86, 1925 July 19. Exposure 2 hours 30 minutes 



Barnard 92 and 93,1922 June 24* Exposure 4 hours 
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stars. The visible portion may usually be surrounded by dark 
nebulosity which is of the same nature as the bright. Abundant 
evidence of this dark nebulosity is found in certain regions, as 
in the neighborhood of p Ophiuchi, where a luminous nebula 
with a spectrum like that of the star which it surrounds is 
itself surrounded by a border of comparatively starless sky. 

Obscure Nebulae. —In many parts of the Milky Way, even 
in the midst of the densest star clouds, there are areas almost 
totally devoid of stars. Sir William Herschel is recorded to 
have exclaimed, when he encountered one of these in a star 
cloud in Scorpins during his systematic sweep of the sky,“ Hicr 
ist wahrhqftig ein Loch ini Himrnel!" Holes in the sky, or at 
least vacancies among the stars, they were long regarded, 
notwithstanding the fact that, to appear starless, they must 
be tunnels extending through vast depths of starry space and 
pointed directly toward the Solar System—a highly improbable 
circumstance even if the stars were motionless, and practically 
impossible after they have moved about at random for a few 
millions of millions of years. 

During the present century, the conviction has grown in 
the minds of astronomers that these dark areas are not vacan¬ 
cies, but obscuring masses— dark nebulae of vast dimensions 
which obscure the stars beyond them. Barnard, who dis¬ 
covered many of them, was at first doubtful of this inter¬ 
pretation, but later became its chief advocate and convinced 
its opponents. Some of these objects, like the dark “horse- 
head” south of i Orionis (Plate 17.6) and the dark S in Ophiu- 
chus (Plate 14.6), when photographed with large telescopes, 
leave no doubt as to their character of opaque clouds. Many 
of them are feebly luminous, as Barnard first pointed out, 
and Bailey has shown from photographs made at Arequipa 
that faint luminosity pervades them almost universally. It is 
probable, as Bailey remarks, that obscuring nebulosities are 
the principal cause of all the apparent irregularities of the Milky 
Way, including the Coal Sacks in Crux and Cygnus and the 
Great Rift which bifurcates the Galaxy from Cygnus to 
Centaurus, and that, if the dark nebulae were absent so as to 
reveal the Galaxy as it really is, "we should behold a zone of 














360 


ASTRONOMY 


faint stars, little if at all broken by rifts or holes, and without 
definite limits in width,” 

Russell has offered the theory that the diffuse nebulae are 
clouds of fine dust, with particles widely separated and accom¬ 
panied, in many regions, by molecules of gas, which have been 
repelled to remote regions of space by the radiation pressure 
of the stars. Those particles which pass near hot stars are 
excited to luminosity and are visible as luminous nebulae, while 
those that lie at a distance from exciting stars are evident to us 
mainly by their obscuring effect. 

Diffuse Nebulae of Special Interest The Orion Region, —Pre-eminent 
among all nebulae is the great nebula of Orion, Messier 42, N.G.C, 1976 
(Plate 17.4), which by many is considered the most beautiful object in all 
the sky. It surrounds the star 0 Ononis, described by Tennyson as 

“A single misty star 
Which is the second in a line of stars 
That seem a sword beneath a belt of three.” 

A small telescope shows this star to consist of several, four of which, of mag¬ 
nitudes five to eight, form a Trapezium (Fig. 27) about 20" in length, 
while about 2' southeast of this group extends a row of three which begin¬ 
ners, forgetting the magnification of the telescope, often mistake for Orion’s 
belt. All are B-type stars and glitter with intense blue-white light. Sur¬ 
rounding the Trapezium is a right triangle of nebulosity whose hypotenuse, 
about 2' long, extends about parallel to the celestial equator on the north 
of the Trapezium, This nebulosity, which is the brightest part of the whole 
formation, presents a curdled appearance. Toward the southeast, beyond 
the row of three stars, extends a curved arm of nebulosity sometimes called 
the Waterspout, while to the northwest extends a brighter, broader curved 
Portion like a wing. Hast of the Trapezium is a dark rift often called the 
Fishmouth or Sinus Magnus, which is easily seen on photographs to 1)0 
slightly luminous. North of the rift is a circular wisp of nebulosity (M 43) 
surrounding a star of the eighth magnitude. Long-exposure photographs 
show the space between M 42 and M 43 to be filled with faint nebulosity, 
and that the main nebula extends more than half a degree toward the south, 
while on the north it joins the nebulosity around c Ononis, the most north 
erly star of the Sword, The surrounding region contains many luminous 
and also many obscure nebula, and there is little doubt that the whole 
constellation is enveloped in nebulous matter, most of which is invisible. 

The color of the great nebula is greenish, and is easily noticed in a small 
telescope. In larger telescopes, especially reflectors, this color is intense. 
Along the eastern edge of the bright triangle, however, and also on the con¬ 
cave edge of the Waterspout, a rosy tinge is perceptible, as Barnard noted 
years ago. In the one-hundred-inch reflector this is very evident, and so 
is the red color of many of the fainter stars (irregular variables) which con¬ 
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trasts strongly with the green of the main nebula and the blue-white of the 
bright Trapezium. The stars down to about the twelfth magnitude arc so 
numerous that, were the nebulosity removed, the region would still be 
remarkable as a star cluster. 

The spectrum of the great nebula consists of bright lines on a very faint 
continuous background (Plate 17.2), The radial velocity ranges in different 
parts of the nebula from about + 10 to about +25 km./sec. 

South of J\ the eastern star of Orion’s belt (Plate 17.6), extends an irreg¬ 
ular line of luminous nebula, very faintly visible in the telescope and dis¬ 
tinct on long-exposure photographs. East of this line the sky is largely 
devoid of faint stars, while west of it they are numerous. Evidently the 
eastern side is the location of a dark nebula, for a great dark cloud (Barnard 
33), about 5' wide and shaped somewhat like a horse’s head, protrudes from 
it over the bright nebulosity. This cloud has a “silver lining/' as if a bright 
star or stars were concealed behind it. At the upper right corner of Plate 
17,6 may be seen the bright nebula N.G.C. 2023 which surrounds an eighth- 
magnitude star and which is probably due to excitation of the cosmic dust 
of the otherwise dark nebulosity by the influence of this star. North of 
this, above the region shown on Plate 17,6, is a curious combination of bright 
and dark nebulae. None of these nebulae are conspicuous visually. 

The Region of Sagittarius and Scutum,—The Milky Way in Sagittarius 
and Scutum abounds in wonderful nebulous forms, l>oth bright and dark. 
The brightest is Messier 8 (Plate 17.7) , which is faintly visible to the naked 
eye. It surrounds a duster of stars of the eighth to tenth magnitude and, 
as shown on photographs, is an extraordinary combination of bright and 
dark nebulosities. In color and spectrum it resembles the great nebula in 
Orion. About a degree north of Messier 8, and faintly connected with it, 
is the beautiful Trifid nebula, M 20 (Plate 17.7). A little farther north 
are M 16 and M 17, Ixith remarkable combinations of bright and dark 
nebulosities. 

In a dense star cloud situated between M 17 and the Trifid nebula are 
the two dark nebulae Barnard 92 and 93 (Plate 17.8), the former of which 
is noticeable in a small telescope, and in another dense cloud south of Mes¬ 
sier 8 is Barnard 86 (Plate 17,8), which is probably the most conspicuous 
visually of all the dark nebulas. Its eastern border is very sharply defined. 
West of this dark nebula is a fine open cluster, and on its northeastern edge 
is an orange-colored star of the seventh magnitude. 

The Cygnus Region,—The constellation Cygnus contains the vast but 
faint America nebula, N.G.C, 7000 (Plate 17.9), which is about three 
degrees long and lies about three degrees east of the giant star Deneb from 
which, on Hubble’s theory, it derives its light. It is bordered on either 
side by dark lanes, presumably nebulous, while the “Gulf of Mexico” and 
“Hudson Bay” are marked by dark nebulosities. West of the America 
nebula is a formation which, from its appearance on the Hooker telescope 
photograph (Plate 17.9), has Ixxm called the Pelican nebula. 

Surrounding y Cygnl, the giant star at the intersection of the arms of 
the Northern Cross, are a number of faint nebulosities, while south of t 
are the two beautiful Veil nebula, N.G.C. 6960 and 6992 (Plate 17,5, 
frontispiece), which are faintly connected to form a wreath. By comparing 
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plates recently made with the sixty-inch reflector with those made by Ritchey 
fifteen years earlier, Hubble has detected outward motion in parts of this 
wreath which he interprets as due to an explosion which probably occurred 
thousands of years ago, when perhaps a nova was formed at the center of 
the wreath. 

Region of rj Garin ee. —Surrounding the irregular variable star q Cannae 
(page 345) in the south circumpolar regions and covering about a square 
degree of the sky is the great mass of luminous and obscure nebulosities 
known as the Keyhole nebula (Plate 14.4), It derives its name from the 
dark nebula which is situated in the brightest mass. The famous variable 
star is near the eastern edge of this “keyhole/ 1 which is not very conspicuous 
on long-exposure photographs. 

The Crab Nebula. —The nebula Messier 1 Tauri, called the Crab nebula 
by Lord Rosse. is classed as a planetary by Curtis in his extensive study 
of these forms, but tn appearance resembles more the dilTusc nebulae. It 
is quite small, about 4' X 6' ? but bright enough to be an easy object in a 
small telescope. Its structure is filamentous, somewhat like that of the Veil 
nebulae in Cygmts. Its spectrum, photographed with some difficulty by 
Blipher and by Sanford, is continuous with superposed bright lines which 
arc widely double and also inclined, which may bo interpreted as evidence 
of rapid motions of expansion and rotation. Lampland at Flagstaff detected 
changes in this nebula which were confirmed at Mount Wilson; a comparison 
of two photographs made with the sixty-inch telescope at an interval of 
eleven years shows an outward motion of certain details of the nebula at a 
rate which, if constant, must have carried them from the center to their 
present position in the short time of about a thousand years. At the center 
of the nebula is a close double star of about the fifteenth magnitude. 

Variable Nebulae —The few nebulae that are known to vary 
in brightness are associated with variable stars. The most 
notable ones are connected with T Tauri, R Coronas Australis, 
and R Monocerotis. There is little doubt that the variation of 
the nebula is in each case due to the variation of the exciting 
influence of the star. The nebula surrounding R Coronas 
Australis is inclosed in a comparatively starless border probably 
due to dark nebulosity. Observations at Flagstaff, Mount 
Wilson, and Hclwan, Egypt, have shown that, soon after the 
star sinks to a minimum, the nebula fades almost to imper- 
ceptibility; and that after the star brightens, a wave of lumin¬ 
osity sweeps out over the nebula. The natural interpretation 
is that the illumination is due to a light-echo similar to the 
one which swept out over Nova Persei 1901 (page 342), and 
this view is supported by the fact that the spectrum of the 
nebula is very similar to that of the star, both including 
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Plate 17. so. Great Nebula of Andromeda (M 31) 



Photographed by G. W. Ritchey, 1901 September 18, with 24-inch Reflector. 

Exposure 4 hours 


1 


THE NEBULAE 363 

bright hydrogen lines. The form of the nebula is not the 
same at successive brightenings, due perhaps to changes in 
the distribution of the nebulous material and to relative 
motion of the star and the nebula. Similar phenomena have 
been observed by Lampland, Slipher, and Hubble in the 
comet-shaped nebula attached to R Monoccrotis. 

Extra-galactic Nebulae, — The nebulae outside the Milky 
Way are very numerous; while estimates of their number 
differ greatly, it is safe to say that at least a half million are 
within the reach of modem photographic telescopes, and it is 
probable that the more distant ones are still more numerous. 

The spiral of greatest apparent size, the great nebula of 
Andromeda (Plate ro, 17.11), is at least 2?j long and a quarter 
as wide. The next largest, Messier 33 Trianguli (Plate 17.12), is 
about a degree in diameter; but there are no others of dimen¬ 
sions exceeding 30'. The great majority of extra-galactic 
nebula; are only a few seconds or less in diameter. 

These nebula? not only avoid the Milky Way, but have a 
distribution in the two galactic hemispheres that is far from 
uniform. In a region extending from Virgo to Ursa Major 
small nebulas are very numerous; near the north galactic 
pole in Coma Berenices, which is included within this region, 
is a compact duster of them, and in Virgo is a somewhat larger 
cluster of larger nebulae. A photograph taken with the one- 
hundred-inch reflector in the midst of the Coma cluster shows 
more than three hundred small nebulae in a drcle no larger 
than the full Moon. Most of the large spirals lie south of the 
Milky Way, but the very small nebula; are not so numerous in 
the southern galactic hemisphere as in the northern. 

The spectra of about fifty of the brightest extra-galactic 
nebula; of all three classes have been photographed, principally 
by V. M. Slipher, With the exception of localized condensa¬ 
tions within their structure, which have spectra containing 
bright lines, all have dark-line spectra resembling the spectra 
of stars, the types ranging from F to K. The radial velocities, 
with a few exceptions, are positive and very large—several 
hundred kilometers a second. In a number of cases, where the 
nebula is placed edgewise to the Solar System, the lines are 
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inclined, giving evidence of rotation around the shortest axis. 
Examples of the spectra of spiral nebula; are shown in Plate 17.2. 

Spiral Nebula. —The normal spiral nebula, of which 
Messier 51 (Plate 17.12) is a good example, consists of two 
whorls which in many cases are branched and which, departing 
on opposite sides of a central nucleus, wind around it in the 
same plane and in the same direction. Most such nebulae 
have approximately the form of an equiangular or logarithmic 
spiral— that is, a flat spiral in which the tangent to the curve 
makes a constant angle with the line joining the center to the 
point of tangency. Some are presented to us edgewise and 
some in plan, and others at every angle between. In many of 
those which we see edge-on (Plate 17.12), dark lanes extend 
lengthwise through the center, betraying the existence of a 
dark extension which would otherwise be invisible. 

The barred spirals are characterized by a straight bar of 
nebulosity passing through the nucleus; whorls similar to 
those of the normal spirals spring from the ends of the bar. 
Barred spirals, while fairly common, are not so numerous as 
normal spirals. 

Spiral nebulas of either type may be arranged in a series, at 
one end of which are nebula; which glow with soft, misty light 
nearly free from knots and condensations, while at the other end 
are those in which the whorls are composed almost entirely of 
knots, many of which are so small and definite as to differ in 
no way from ordinary stars. This progression of nebular types 
is shown in Plate 17.13, in which three normal spirals are 
shown on the left and three barred spirals on the right. In 
some Spiral nebulae, of which the great nebula in Andromeda 
(Plates 17.10, 17.11) and Messier 81 are fine examples, the 
central portion is of the soft, amorphous type of nebulosity, 
while the outer whorls contain numerous condensations and 
stars. 

Elliptic Nebulae. —Many extra-galactic nebulae show no 
structural features whatever, even when observed with the 
largest telescopes. In apparent form they are ellipses or lenticu¬ 
lar figures in which the ellipticity (ratio of the difference of 
longest and shortest axes to the longest) ranges from 0.0 to 


Plate 17*11. The Great Nebula of Andromeda (Messier 31) 




Central part, photographed by Ritchey with Sotith*j)receding end, photographed by ^ Duncan 

60-inch Reflector, 1909 October 13. Exposure, with 100-inch Reflector, 1925 July 24, Exposure, 

2 hours 2 hours 
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0.7. The circular form occurs too frequently to be attributed 
to accidental tilt of a disk or spheroid; many of them must be 
actually globular. Plate 17.14 shows a progression of four 
elliptic nebulae from the circular form to the lenticular. The 
largest known elliptic nebula (M 32) has a major axis of about 
4'. The vast majority of extra-galactic nebulae are so small as 
to show no details of structure; they may as well be elliptic as 
spiral. 

Irregular Extra-Galactic Nebulae —About 2.5 per cent of the 
extra-galactic nebula: which have been classified show' no 
evidence of rotational symmetry and are classified as irregular. 
The distribution of their parts is chaotic. More than any 
other known objects, they resemble the Magellanic Clouds 
The largest example is N. G. C. 6822 Sagittarii, which covers 
an area of the sky about io' X 20' and has a bright core about 
3' X 8' in w'hich stars are densely crowded. The object con¬ 
tains five diffuse nebulas w'hich resemble galactic nebula:. Other 
irregular or "Magellanic” non-galactic nebulae include Messier 
82 and N. G. C. 4449, illustrated in Plate 17.14. 

The Distances and Dimensions of Extra-Galactic Nebulas.— 
It is certain that these objects are at enormous distances and 
that their dimensions arc correspondingly immense. The 
"island universe” theory, according to w'hich they are galaxies 
or vast aggregations of stars and nebula: similar to the Galactic 
System and entirely external to it, has been suggested at 
different times and has been especially strongly advocated by 
Curtis since 1915, at which time the following facts were knowm 
to support it: 

1. Their spectra are about what would be yielded by a vast 
congeries of stars. 

2. Their apparent avoidance of the Milky Way finds a 
reasonable explanation on the assumption that external bodies 
in that plane are hidden by the nebula: that are known to 
exist in our system, or by dark material in the peripheral 
regions of the galactic disk similar to that seen in many spiral 
and elliptic nebula: which are turned edgewise to our view. 

3. Many nova: have been found in spiral nebulae, but they 
are rare in other parts of the sky except the Milky Way. The 
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nebular novse are very faint, and if comparable with galactic 
novae in actual luminosity are necessarily very distant, 

4, The high velocities of extra-galactic nebulae, detected 
spectrographically, place them in a class apart from galactic 
objects, 

5, Not only are measurable parallaxes lacking, but, not¬ 
withstanding the high spectrographic velocities, no motion at 
right angles to the line of sight has been certainly detected. 

This last argument was seemingly refuted in 1Q21 by Van Maanen, who 
measured pairs of photographs of a number of the great spirals, made with 
the sixty-inch Mount Wilson reflector nt intervals of about ten years, and 
found minute apparent displacements of the nebulous condensations out¬ 
ward along the whorls. On the assumption that the actual velocity of these 
particles was not much greater than the rotational velocities observed spec- 
trographically in edge-on spirals, the distance comes out only about 25,000 
light-years. In view of the strong evidence in favor of much greater dis¬ 
tances, however, it would appear unsafe to regard these motions as proved 
until observations can be obtained after a much longer interval. 

Strong additional evidence in favor of the island universe 
theory was found in 1924 by Hubble through his study of many 
faint, long-period Cepheid variables in the irregular nebula X, 
G, C, 6822, in the great spiral Messier 33, and in the great 
Andromeda nebula, the outer portion of which is resolved by 
the one-hundrcd-inch telescope into myriads of faint stars 
(Plate 17.11), The position of these Cepheids on Shapley’s 
period-luminosity curve (page 313) indicates for the three 
objects the following distances and dimensions: 


Distance Longest diameter 

N.G,C, 6$2 2 , .. ..*. 700,000 light-years 4,000 light-years 

Messier 53..... 900,000 “ r 6,000 ** 

Andromeda nebula,. f .*_900,000 u 47,000 " 


The corresponding quantities for the Magellanic clouds are, 
according to Shapley: 


Greater cloud.. P ,,. 1 10,000 14,000 

Lesser cloud..,.... 100,000 6,500 


From statistics concerning several hundred extra-galactic 
nebulae, Hubble finds that the relation between apparent 
total brightness and apparent diameter is about that which 


Plate 17,13, Examples of Spiral Nebula: (Hubble) 

































Plate 17.14. Examples of Elliptic and Irregular Extra-Galactic 
NebuLjB (Hubble) 
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would be expected if their real diameters were all of* the same 
order — that is, while one might be ten times as big as another, 
it would not be consistent with the statistics for one to exceed 
another a thousand times. This result means that their 
apparent diameter is largely a matter of distance and leads to 
distances greater than 100,000,000 light-years for the host of 
small nebulae which have apparent diameters less than 10". 

Gaseous Nebulae Contained in Extra-galactic Nebulas.— 
Many of the condensations in extra-galactic nebulae exhibit 
bright-line spectra similar to those of many diffuse galactic 
nebulae. These have been noted especially in the great spirals 
Messier 33 and xoi, in N. G. C. 6822, and in the Magellanic 
clouds. The velocities shown by their line-shifts correspond as 
far as known to those of the great nebulas of which they form 
parts, not to those of gaseous nebula: in our own system. 
Presumably they bear the same relation to the stellar members 
of their systems that the diffuse galactic nebulas bear to galactic 
stars. Some of these nebulae appear to be of enormous dimen¬ 
sions: the largest one (30 Doradus) in the Nubecula Major, 
accepting Shaplcy’s distance, is 260 light-years in diameter, 
and one in Messier 33 has a diameter of 200 light-years. In 
comparison with these, our own Orion nebula, which is within 
600 light-years of the Solar System and only about 10 light- 
years wide, seems modest. 




















CHAPTER XVIII 


THEORIES OF COSMIC EVOLUTION 

The Meaning of Evolution. — The word evolution means an 
unrolling or unfolding. As used in modern science, it means 
usually a passage from unorganized simplicity to organized 
complexity. An example is the development of the semi-fluid, 
relatively homogeneous contents of an egg into a highly 
organized and complex animal. 

To the ancients, the world consisted of a stationary Earth 
and a rotating firmament which carried stars fixed on its sur¬ 
face and Sun, Moon, and planets which followed definite, 
re-entrant curves. Such simple motions as were observed 
among the heavenly bodies repeated themselves indefinitely. 
Even after Copernicus’s description of the Solar System was 
accepted, the motions of the heavenly bodies were seen to be 
so orderly and the system of the world seemed so permanent, 
that it was long assumed to have been created in its present 
perfect state at some epoch in the not inconceivably remote 
past and that it would continue in this state until its final 
cataclysmic destruction at the hand of its Creator. However, 
the smaller works of nature with which we are familiar come 
to maturity not by sudden creation, but by a process of 
growth; and many of the facts that have been set forth in the 
preceding pages lead astronomers to believe that in the universe 
at large the order is that of gradual, ceaseless change—of 
evolution. 

A theory of evolution is not a theory of creation. To say that stars have 
evolved from a nebula or that a nebula has originated in the close approach 
of two stars merely postulates the existence of an earlier state of the material 
in question which is different from the present state. The hypotheses which 
will be mentioned in the following pages make no attempt to explain the 
ultimate origin of the material. 

Growth of the Theory of Evolution. — Thomas Wright’s 
theory of the Milky Way (page 298) turned the attention of 
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the brilliant German philosopher Kant to the subject of the 
origin of celestial systems, and in 1 755 he published a book in 
which he advocated the theory that the Solar System had 
evolved from a nebula. Kant’s work, however, attracted little 
attention and had no important influence on science. 

In 1706 the great French mathematical astronomer Laplace 
published a work on general Astronomy entitled Exposition du 
Systihne du Monde, at the end of which, m the last of seven 
brief appended notes, he outlined a hypothesis of the evolu¬ 
tion of the Solar System which became famous as the Laplace 
Nebular Hypothesis. 

Laplace’s hypothesis is in many ways similar to Kant’s, but there is no 
reason to believe that it was inspired by Kant, for Laplace states lli.it the 
onh^ previous attempt with which he was acquainted to account for the 
nrifrin of the'planets Was that of Buff on, who had suggested their genesis 
in a collision of a comet with the Sun-a suggestion which Laplace disposes 
of in three paragraphs. The greater influence of Laplace s_ bypotte'S is 
doubtless due in part to the great prestige of his mathematical work an 
fn partlo Sharing appeared just after the French Revolution, when his 
country was prepared for the introduction of new ideas. 

Though presented by its author, as he said, with that 
diffidence which everything ought to inspire which is not the 
result of observation or of calculation,” the Nebular Hypothesis 
had an incalculable effect upon the scientific, philosophic, and 
religious thought of the following century. It furnished 
geologists with an account of the pre-geologic history of the 
Earth and encouraged them to view the changes which the 
Earth had undergone as continuous rather than cataclysmic. 
Biologists came to view the different forms of life, which arc 
evident by fossil remains in the strata of the Earth’s crust, as 
forming a continuous chain from the lowest (simplest) animal 
or plant to the highest yet evolved—which may be man. 
These ideas were given definite form in Charles Darwin s 
book Origin of Species, which, published in 1858, stirred up a 
storm of opposition on theological grounds which has not even 
yet everywhere subsided. 

During the nineteenth century, as new information accumu¬ 
lated the Nebular Hypothesis was modified or added to by a 
number of investigators. In 1900 the astronomer Moulton 
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and the geologist Chamberlin, both of the University of Chicago, 
offered as a substitute for the Laplace hypothesis the PlanetesL 
mal Hypothesis, according to which the Solar System originated 
in a spiral nebula which itself was engendered by the close 
approach of two stars. In 1920 the English mathematical 
physicist Jeans proposed a theory, supported by much abstruse 
mathematics, to account for the Galactic System and stellar 
systems in general, the development of the Solar System being 
only incidental. 

The changes in the universe for which it is the purpose of these theories 
to account took place so many millions of millions of years ago that it is 
doubtful that any such theory can ever be verified. Many volumes have 
!>een written on the subject, but it does not seem profitable to enter into it 
extensively in the present book. In the following pages the hypotheses of 
Laplace, Moulton and Chamberlin, and jeans will be very briefly discussed. 

Regularities in the Solar System.—A theory of the evolution 
of the Solar System should take into account the following con¬ 
spicuous regularities, since they could not conceivably have 
come about by chance and yet are not at all necessary in order 
that the system be stable: 

i- The planets all revolve around the Sun in the same 
direction as that of its rotation; nearly in the same plane, 
which is but slightly inclined to the plane of the Sun’s equator; 
and in nearly circular orbits. 

2. There is a fair degree of regularity in their distances, 
expressed approximately by Bode’s law. 

3. The principal satellites of several of the planets form 
with their respective primaries systems which possess regulari¬ 
ties similar to those of the planetary system. 

The Laplace Nebular Hypothesis.—Laplace reasoned that, 
to impart to the planets the motions which they now possess, 
the Sun must once have been surrounded by an atmosphere 
which, due to its excessive heat, extended to a distance equal 
to that of the farthest planet. The body would then have 
resembled some of the nebulae which appear as bright nuclei 
surrounded by nebulosity. He imagined that, previous to this 
state, the nucleus was less luminous and the nebulosity more 
diffuse, and so, reasoning backward, arrived at a state wherein 
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the nebulosity was so diffused as to be invisible. He suggested 
that everj T star had evolved by the condensation of such a 
nebula under the mutual gravitation of its parts, and that 
double stars and groups like the Pleiades had been the product 
of condensation around two or more nuclei. 

As the nebula contracted, any rotatory motion which it 
possessed must have increased in swiftness, and so the centrifu¬ 
gal force at the equator must have increased. Laplace con¬ 
jectured that the nebula would flatten into an oblate spheroid 
and that, as the centrifugal force grew still greater, there would 
come a time when it equaled gravity, and a ring of matter would 
then be left in equilibrium at the equator while the main body 
continued to shrink inside it. 

The ring thus formed would probably be denser or thicker 
at one point than at others, and the material here would 
gather to itself, by gravitational attraction, the material in 
the remainder of the ring and form a planet. The main body 
would meanwhile go on contracting and might abandon other 
rings to form other planets, the final globe being the Sun, 

Any planet thus formed would probably be given a rotation 
by the oblique impact of some of the particles of its ring; it 
would contract as it cooled, and might abandon rings of its 
own, which might form satellites in a miniature system or 
might remain in the form of rings such as those actually seen 
around Saturn, 

The Laplace hypothesis is in agreement with many of the observed facts 
of the Solar System, but there are some that it fails to explain and there 
are also serious theoretical difficulties. The origin of the Moon, with its 
great mass and its high indination, and perhaps also that of the inner satel¬ 
lite of Mars, which revolves more rapidly than its planet rotates, are better 
explained on the tidal theory of G. H. Darwin (page 232). The retrograde 
motion of the tiny outer satellites of Jupiter and Saturn cannot be accounted 
for on the Laplace theory. No nebulae such as Laplace postulated are known, 
but that fact is not strong evidence against the hypothesis, for if such a 
nebula were at a distance of 200 light-years or greater, and were no larger 
than Neptune’s orbit, its disk would be less than ri' in diameter and it might 
easily have escaped notice. 

Probably the most serious difficulty is that of the moment of momentum. 
This quantity may be defined as follows: Suppose a particle of mass tn 
moving with velocity v along a line from which the perpendicular distance 
of a given jjoint or center is p . The moment of momentum of the particle 
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with respect to the point is the product mvp. A rotating body or system 
may be considered as made up of particles. The moment of momentum of 
the entire system is the sum of the moments of al! its particles, taken with 
respect to the axis of rotation, and is represented by the summation Xmvp. 
The moment of momentum of the present Solar System can easily be com¬ 
puted, and so can that of the hypothetical nebula at the time when it aban¬ 
doned the ring which developed into Neptune. Now, it is a principle of 
Dynamics that in a system which is not acted on by outside forces the 
total moment of momentum is constant. If, for a given particle of mass 
>«, p diminishes, v must increase; this is in accord with Laplace’s theory 
that the nebula rotated faster as it contracted. But the moment of mo¬ 
mentum of the present system is less than 1/200 that of the hypothetical 
nebula before Neptune was bom, and, moreover, the planet Jupiter now 
has more than 95 per cent of the total amount of moment of momentum, 
which is inconsistent with an earlier uniform distribution. 

The Planetesimal Hypothesis—According to the hypothesis 
of Chamberlin and Moulton, the Solar System owes its present 
state to the close approach of two stars which swept toward 
each other with a speed greater than the parabolic velocity 
(page 218), so that the relative orbit was a hyperbola and their 
association was brief. We are concerned only with what 
happened to one of the stars, which is now the Sun and which 
we shall call 5 while the other may be called S'. In the 
vicinity of 5 there may have been a quantity of scattered 
material, some of it ejected from the Sun, and 5 was, perhaps 
more than at present, in a condition to eject more on slight 
provocation. As S' approached, it raised enormous tides on 
,S and so encouraged the ejection of material in two opposite 
directions, toward and away from S'; then, as S' swept 
rapidly through perihelion, its attraction for this material 
acquired a component at right angles to the line SS' and 
imparted moment of momentum to the particles. After the 
passage of S' each particle was left moving in an eccentric 
ellipse in the plane and direction of the motion of S'. The con¬ 
figuration was that of a double-whorled spiral like many known 
spiral nebulae, but the motion of the particles, instead of being 
along the arms, was nearly at right angles to them, and the 
orbit of each particle intersected those of many others. 
Collisions were inevitable, and as the particles collided their 
attraction held them together to form planetesimals which 
grew by accretion in further collisions until they formed the 
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planets as they now exist. It may be shown that one effect 
of the collisions would be to decrease the eccentricity of the 
orbits, and thus is explained the approximate circularity of 
the planetary orbits. Not all the planetesimals were swept up, 
but the process is still going on, as evidenced by the meteors 
which enter the atmosphere of the Earth. 

The Planetesimal Hypothesis accounts successfully for the 
facts which are in agreement with that of Laplace, and also 
for many others. It is described in considerable detail in 
Moulton’s Introduction to Astronomy, to which the reader is 
referred. 

It should be emphasized that, though the hypothetical result 
of the encounter of S and S' was a spiral aggregation similar 
in shape to many known spiral nebulae, it was not even remotely 
similar in size. If any spirals of the type described by Moulton 
and Chamberlin exist, they are, like any possible Laplacian 
nebulae, too small to be recognized. The principal objection to 
the hypothesis is the same as that to the collision theory of 
novae (page 343); the great distances between the stars make 
a close encounter highly improbable. 

The Hypothesis of Jeans. —Jeans’s views on cosmic evolu¬ 
tion are based on twentieth-century developments in astro¬ 
nomic Physics, which include his own mathematical treatment 
of the general problem of a rotating and gravitating fluid mass. 
He adopts the theory (page 182) that the source of the energy 
of the stars is the transformation of their mass into radiation. 

We have seen that, on this theory, the Sun can radiate at its present rate 
15 millions of millions of years longer before its mass is consumed; but, as 
pointed out by Eddington (page 310), the luminosities of very massive stars 
are greater than those of less massive ones; as the Sun loses mass, its rate 
of radiation should therefore diminish. As a star grows older, its mass and 
luminosity decrease together, but at an ever-diminishing rate. Jeans esti¬ 
mates that it will require about 200 millions of millions of years for the Sun 
to reach the low state of luminescence represented by Kruger 60; that about 
6 millions of millions of years ago it may have been as massive and as lum¬ 
inous as Sirius; and that for a star to descend from the state of the most 
massive of all stars to the condition of Sirius requires only about 1,2 millions 
of millions of years. 

Looking forward, Jeans sees the extinction of the stars in 
their transformation into intangible radiation. Looking back- 
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ward, he is constrained, like other cosmogonists, to assume 
the origin of the stars in the nebulas, and it is here that his 
mathematical investigations of the configurations of a rotating 
fluid are significant. 

If a nebula exist alone in infinite space without rotation, 
gravitation must cause it to assume and retain forever a 
spherical form. If it rotate, it will take at first the form of an 
oblate spheroid which will grow flatter as the nebula contracts 
and its angular velocity increases. Jeans shows, however, 
that there will come a time when its cross-section is no longer 
an ellipse, but a pointed figure; four stages of the evolution of 
the nebula up to this point are illustrated in Plate 17.14. 
Further contraction would, if the nebula were absolutely alone, 
cause a ring of matter to be abandoned as in the Laplace 
hypothesis; but every nebula has neighbors and their attraction 
has some influence of a tidal nature; the equator of the rotating 
mass of gas or dust will not be a circle, but will have two points 
of high tide and two of low tide. Jeans conjectures (his 
rigorous mathematics breaks down at this point) that, 
instead of forming a ring, the peripheral matter will flow out 
in long filaments at the two opposite points of high tide and 
so will form a spiral nebula. Again mathematical theory 
becomes useful, by its application to these gaseous filaments; 
he shows that, if they are massive enough to'cohere, they must 
break up into condensations such as are seen in the whorls of 
the spiral nebulae M33 and M51 (Plate 17.1a); if the filaments 
are not so massive as this, the gas composing them must be 
scattered into space. The nebula here considered is of a size 
appropriate to the genesis of the whole Galactic System or at 
least of a cluster containing hundreds of thousands of stars; 
so far, the hypothesis does not apply to so insignificant an 
affair as the Solar System. From his mathematical theory 
Jeans calculates the masses of the condensations in the spiral 
arms; they turn out to be about equal to those of the most 
massive of known giant stars. 

Such isjeans’s conception of the birth of a great stellar system. 
Tracing the further history of each massive condensation, he 
finds that, as it loses mass by radiation, it passes through the 
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sequence from giant to dwarf. If it rotate slowly or not at all, 
it will go through all its life history as a solitary body. If it 
rotate rapidly, it will become oblate, as did its parent nebula, 
but, because of its smaller mass, its subsequent development 
will be different: it will pass through a pear-shaped stage and, 
after an era of convulsive pulsations during which it may be 
a Cepheid variable, it will separate into two stars and so form 
a binary. The more massive of the pair will radiate the faster 
and so lose mass the faster, and the two will tend toward 
equality both in mass and in luminosity. 

In all this process there is no tendency toward the formation 
of a planetary system. To explain this occurrence Jeans falls 
back, like Moulton and Chamberlin, to the close approach of 
a visiting body which abruptly transforms the star by tidal 
action into a diminutive spiral nebula; but instead of being 
composed of planetesimals, this nebula has fluid—possibly 
liquid — whorls which condense in knots to form the planets. 

The Solar System Probably a Rare Type. — The Laplace 
hypothesis is ruled out by modem mathematical theory, and 
the only plausible substitutes so far offered to explain the origin 
of the Solar System postulate the close approach of two stars. 
If this is the only manner in which a star can acquire a family 
of planets, such systems must be rare. In the present arrange¬ 
ment of stars in our neighborhood, if all were similar to the 
Sun, the chance of a close encounter in a period of 6 million 
million years is computed by Jeans to be about one in fifty 
thousand. However, in its earlier and more tenuous stages a 
star is more likely to be broken up, and the chances of encounter 
were greater in the past if, as may be true, the stars of the 
Galactic System were then more closely packed than now. 
While planetary families are doubtless rare, there is not good 
reason to believe that the Solar SysLem is unique. 
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mer, 293, 350 
Altazimuth instrument* 13 
Altitude, 12 

measurement of, 12, 75 
of celestial pole, 63 

Anderson, j. A. (1876- ), Ameri¬ 

can astronomer, 307, 335 
Andromeda, nebula of, 350, 366 
Andromids, 264, 265 
Angstrom unit, 153 
Annual motion of Sun, apparent, 22 
Anomaly, 194 

Antoni adi, E. M., contemporary 
French astronomer, 240 
Apex of Sun’s way, 322 
Aphelion, 99 

Apollonius (c. 262 B,c*) t Greek 

geometer, 86, 217 
Apparent distance, 6 
Apparent position, 5 
Apparent solar time, 2r 
Apse; line of apsides, 99 
Arctic circle, 102 


Areas, theorem of, 99, 204 
A RG BLANDER, F. (1799- 1 S75), German 
astronomer, 285, 338 
Aristarchus (c, 270 b.c.), Greek 
astronomer, 86, 187 
Asteroids, the, 245 
Astrolabe, 9 
Astrology, 1 
Astronomic latitude, 62 
Astronomic unit, 194 
Astronomy, 1 
Atlas, star, 3, 25 
Atmosphere, Earth's* 53 
Atmospheres, escape of, 219 
Atmospheric refraction and dispersion, 
56 

Atom, structure of, 155 
Augmentation, n6 
Aurora, 174 
Azimuth, 12 

Bad seeing, 40 

Bailey, S. L {1854- ), American 

astronomer, 312, 352, 359 
Balmer, French physicist, 155 
Barnard, E. E* (1857-1923), American 
astronomer, 240, 245, 251, 269, 
272, 342, 352, 359, 360 
Base line, 82 

Bayer, J. (1572-1625), German as¬ 
tronomer, 3, 293, 337* 346. 350 
Benzene erg (1777-1846), German as¬ 
tronomer, 260 

Bessel, F, W* (1784-1846}, German 
astronomer, 87, 216 
Biela, W. (1782-1856), Austrian as¬ 
tronomer, 265 

Binaries, eclipsing, 327, 333 
spectroscopic, 88, 327, 330 
visual, 327 
Black body, 158 

Bode, J, E, (1747-1826), German 
astronomer, 196, 246 
Bode’s law, 196 
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Bohr, N,, contemporary Danish physi¬ 
cist, 155 
Bolometer, 179 

Bond, William (1789—1859), Ameri¬ 
can astronomer, 128 
Bond, G. P, (1826-1865), American 
astronomer, 253, 287 
Boss, JL (1846—1912)1 American as¬ 
tronomer, 319, 323 

Bolguer, P, {1698-1758), French as¬ 
tronomer, 210 

Bovs, C. V., contemporary English 
physicist, 212 

Bradley, J. (1692-1762), English 
astronomer, 87, 335 
)i man i>i:s (c* 1798), German astrono¬ 
mer, 260 

Bunsen, R. (1811-1899), German 
chemist, 276 

Cmskr, Julius (100-44 B,c.), Roman 
emperor, 103 
Calendar, the, 102 
Camera, photographic, 33 
prismatic, 167 

Campbell, L. (1881- ), American 

astronomer, 256, 318, 319 
Campbell, W. W, (1862- ), Ameri¬ 

can astronomer, 227, 277,318, 319, 
322, 335, 356 
Canals of Mars, 240, 244 
Cannon, Annie J. (1863- ), Ameri¬ 

can astronomer, 277 
Capelin, 335 
Cardinal points, 18 

Carrington, R. (1826-1873), English 
amateur, 173 

Cassegrain form of reflect or, 47 
Cassini, IX (1625-1712), French as¬ 
tronomer, 233 

Cassini, G, D. (1677-1756), French 
astronomer, 239, 253 
Castor, 335 
Catalogue, 
of nebula;, 294, 350] 
star, 292 

Cavendish, Lord (1731-1810), English 
physicist, 210 
Celestial globe, 26 
Celestial photography, 46 
Celestial sphere, g 
Center of mass, 118 
Cepheids, 312, 347 
Ceres, 246 


Chamberlin, T.C. (1843- ), Ameri¬ 

can geologist, 370, 372 
Chandler, S, C. (1846-1913), Ameri¬ 
can astronomer, 67, 268, 338 
Chart, Mercator’s, 8n 
Chromosphere, 141, 162, 170 
Circle, galactic, 24 
hour, 18 

of perpetual apparition, 18 
Circumpolar stars, method of, 66 
Clark, A* G, (1832-1896), American 
optician, 216 

Classification of spectra, Harvard, 278 
Secchi’s, 277 

Clerk-Maxwell, J. (1831—1879), Eng¬ 
lish physicist, 154, 254 
Climate of Mars, 242 
Coal sacks, 292, 359 
Co blent#, W. W. (1873- }, Ameri¬ 

can physicist, 244, 250, 288 
Ccelostat, 151, 162 
Collimator, 145 
Color index, 287 
Color of the sky, 54 
Colors of nebuke, 355 
Columbus, 10 
Cohires, 24 

Comets, 2, 258, 265 ct scq. 

Common, A* A. (1841-1903), English 
astronomer, 352 
Comparison spectrum, 276 
Compass, gyroscopic, 77 
magnetic, 76 
Conic sections, 216 
Constellations, 2 
Co-ordinates, geographic, 26 
systems of, 10, 25 
Copemiean system, 188 
Copernicus, N. (1473-1543), Polish 
monk, 86, 188, 191 
lunar crater, 125 
Corona, auroral, 174 
solar, 140, 177 
Coronium, 178 
Corti, organ of, 153 
Cosmic velocities, 319, 325 
Cowell, P. H,, contemporary English 
astronomer, 267 

Crabtree (r. 1640), English astrono¬ 
mer, 237 

CrGpe ring of Saturn, 253 
Crommelin, A, C. D. (1865- ) f 
English astronomer, 246, 267, 269 
Cross-staff, 9, 10 
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Curtis, H. D. (1872- ), American 

astronomer, 362, 365 

Dark nebula;, 359 

Darwin, Charles (1809-1882), Eng¬ 
lish naturalist, 369 

Darwin, G, H. (1845-1912), English 
mathematician, 232 
Date line, 72 
Day, civil, 69 
sidereal, 20 

Days of the week, 105 
Dead reckoning, 79 
Declination, iS 
determination of, 29 
Deferent, 187 

Denning, W. R (1S48- ), English 

astronomer, 341 

Deslandres, H n contemiTOrary French 
astronomer, 164 
Diffraction grating, 151, 152 
Dip of the horizon, 51 
Direct-vision prism, 146, 273 
Dispersion, 142, 151 
Diurnal motion, 15 

Doekfbl, G. S. (1643-1688), German 
astronomer, 267 

Doppler* C. (1803-1853), German 
physicist, 159 

Doppler-Fizeau principle, 87, 158 
Double reversal, 168 
Double stars, 326 

Douglass, A* E, (1867- ), Ameri¬ 

can astronomer, 241 
Draper, H, (1832-1882), American 
spectroscopist, 352 

Drever, J* L. E. (1852- )i English 
astronomer, 351 
Du rchm listening, 2 85, 239 
Dyne, 213 

Earth, Chaps. 3 and 4 
Earth-shine, 121 
Earth’s motion, proof of, 87 
orbit, 96 

Easton, contemporary Dutch astrono¬ 
mer, 299 

Eccentricity of an ellipse, 98 
Eclipses, 

of Moon, 137 
of Sun, 138 
prediction of, 142 
Eclipse year, 134 
Eclipsing binaries, 327* 333 
Ecliptic, 23 


Ecliptic limits, 133 

E l>i>i ngton , A * S. (1882- ), English 

astronomer, 308, 309, 310 
Einstein, A, (1879- ), German 

physicist, 142, 226, 310 
Electron, 156 
Elements of an orbit, 192 
Eleven-year cycle, 172 
Ellipse defined, 97, 217 
how to draw, 98 
Elongation, 114, 185 
Epicycle, 187 
Equation of time, 69, no 
Equator, celestial, 18 
Equatorial telescope, 19 
Equinox, 19, 23, 30 

Eratosthenes {c. 250 elc.), Alexan¬ 
drian astronomer, 81 
Eros, 248 

Ether, luminiferous, 154 
Escape, velocity of, 219 
Euler, L, {1707—1783). Swiss mathe¬ 
matician, 67 
Evcction, 224 

EversBBD, J. (1864- ), English 

astronomer, 169 

Evolution, of Earth-Moon system, 231 
cosmic, 368 

Extra-galactic nebulae, 319, 363 el seq , 
Eye, human, 34 
Eyepieces, 44 

Fabricius, D. {1564-1617) ■ Hutch 
astronomer, 337 
Facukc, 166 

Path, E. A. {1880- ), American 

astronomer, 248 

Fechner, G. T. (1801-1887), German 
psychologist* 282 
Filar micrometer, 45 
Fizeau, H. h. (1819-1896), French 
physicist, 97 . * 59 i 3°7 
Flamsteed, J. (1646-1719), English 
astronomer, 4, 350 
Flash spectrum, 167 
Flocculi, 166 
Foci of an ellipse, 98 
Force, unit of, 213 

Foucault, L, (1819-1868), French 
physicist, 58, 97 

Fox, P. (1878- ), American as¬ 

tronomer, 176 

Fraunhofer, J. (1787-1826), German 
optician, 146, 274 
Fraunhofer lines, 146, 149, 150 
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Friction, tidal, 229 H seq, 

Frigid zone, 102 

Frost, E. B, {1866- }, American 

astronomer, 319, 335 

Galactic nebulas, 354 et seq. 

Galactic system, 298, 314 
of co-ordinates, 24 
Galaxy, 24, 291, 298 
Galileo Galilei (1564-1642), Floren¬ 
tine astronomer and physicist, 31, 
124, 125, 175, 190, 203, 250, 253, 
350 

Galle, J- G, (1812-1910), German 
astronomer, 225 

Gases, distinguished from liquids and 
solids, 53 

Gauss, C. F, (1777-1855}, German 
mathematician, 246 
Gegenschein, 221, 248 
Geocentric latitude, 62 
Giant planets, 248 
Globe, celestial, 27 

Goodricke, J. (1765-1786), English 
astronomer, 338 

Gould, B. A. (1824-1896), American 
astronomer, 292, 299 
Grating, diffraction, 151, 152 
Gravitation, Law of, 203, 208, 209 
constant of, 212 

Gravity, distinguished from gravita¬ 
tion, 60 
superficial, 214 
Great circle, 6 
sailing, 80 
Greek alphabet, 3 
Greenwich, 62 
Gregorian calendar, 103 
Gregory xiii (1502-1585), Pope, 103 
Gyroscopic compass, 77 

Hale, G, E. (1868— }, American 

astronomer, 164, 166, 170, 171, 

172, 176 

Hall, A* (1829-1907), American as¬ 
tronomer, 245 

Halley, E. (1656-1722), English as¬ 
tronomer, 267, 318 
Halley's comet, 267 
Harding, C. (1765-1834), German 
astronomer, 246 
Harmonic law, Kepler's, 192 
Heat Index, 289 
Heavenly bodies, 1 


Heliacal rising, 108 
Heliometer, 300 
Helium, 157, 168, 262, 279 
Helmholtz, H, L. F. von (1828-1S94), 
German physicist, 181 
Hexcke, L (1793-1866), German ama¬ 
teur, 246 

Henderson, T. (1798-1844), English 
astronomer, 300 

Hepburn, P. PL, contemporary Eng¬ 
lish astronomer, 254 
Herakleides (r. 400 B*c.)t Greek phi¬ 
losopher, 58 

Herschel, Caroline (1750-1848), 351 
Her sen el, Sir John (1792-1871), Eng¬ 
lish astronomer, 128, 146, 257, 282, 
292. 35 r 

Herschel, Sir William (1738-1822), 
English astronomer, 47, 255, 297, 
322, 326, 351, 353, 359 
Hertzsprung, Ejnar, contemporary 
Danish astronomer, 307 
Hevelius, J. (1611-1687), Polish as¬ 
tronomer, 13, 124, 267, 293, 337 
Hipparchus ( c . 125 ba), Greek as¬ 
tronomer, 86, 282, 340 
Holwarda, J. F. (1618-1651), Dutch 
physicist, 337 
Horizon, 11 

Hgrrocks, j, (1619-1641), English 
clergyman and astronomer, 237 
Hour angle, 19 
Hour circle, 18, 20 

Hubble, E. F. (1889- ), American 

astronomer, 353, 361, 362, 363, 366 
Huggins, Sir William (1824-1910), 
English astronomer, 87, 276, 318, 
35* 

Hull, G, F* {1870- ), American 

physicist, 154 

Huyghens, C. (1629-1695), Dutch 
physicist, 239 
Hyades, 290, 323 
Hydrogen, 155 et seq., 262 
Hyperbola, 217 

Interference, 152, 307 
Interferometer, 307 
Ionization, 157 
Iron in Sun, 150 
Island universes, 351, 353, 366 
Isostasy, 84 

Ives, H. E, (1882- ) f American 
physicist, 127 
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Janssen, J, (1824-1907), French as¬ 
tronomer, 163 

Jeans, J* H, (1877- ), English 

physicist, 349, 370, 373 
Jeffreys, H, (1891- ), English 

geophysicist, 250 

JOY, A. H. (1882- ), American as¬ 

tronomer, 335, 344, 345 
Julian calendar, 103 
day,105 
period, 104 
Jupiter, 250 et seq „ 
satellites of, 250 

Kant, L {1724-1804), German philos¬ 
opher, 369 

Kapteyn, J. C (1851-1922), Dutch 
astronomer, 314, 319, 323,336, 357 
Keeler, J. E. (1857-1900), American 
astronomer, 254, 352 
Kepler, J. (1571-1630), German as¬ 
tronomer, 96, 191, 198, 207, 267, 
340 

Kepler’s laws, 192, 255 
problem, 194 

KiRCHHOFF, G, R. (1824-1887), Ger¬ 
man physicist, 146, 276 
Kirkwood, D. {1814-1895}, American 
astronomer, 247 
Knot, 77 

Lagrange, J, L. (1736-1813), French 
mathematician, 210, 221 
LamflaNd, C. O. {1873- ), Ameri¬ 

can astronomer, 244, 250, 288, 344, 
362, 363 

Langley, S. P. (1834-1906), American 
astronomer, 179 

Lassell, W, (1799-1880), English as¬ 
tronomer, 257, 351 
Latitude, astronomic, 62 
celestial, 24 
determination of, 66 
galactic, 24 
geocentric, 63 
variation of, 67 

Laplace, P. S. (1749-1827), French as¬ 
tronomer, 2iO, 254, 266, 369, 370 
Laplace nebular hypothesis, 370 
Leavitt, Henrietta S* ( -192O1 

American astronomer, 312, 348 
Tenses, 33 

Leonardo da Vinci (1452-1519), Italian 
artist and philosopher, 203 


Ivconids, 264 

Leuschner, A, G, (1868- ), Ameri¬ 

can astronomer, 266 
Leverrier, XL J, (1811-1877), French 
astronomer, 225 
Libration, 121 

Life, extra-terrestrial, 129, 244 
Light, polarized, 153 
ultra-violet and infra-red, 154 
velocity of, 92 
wave theory of, 152 
Light curve, 333 
Light-year, 302 
Light gathering power, 41 
Limits, ecliptic, 133 
Lippershey, Jan, Dutch spectacle- 
makcr, 31 

Liquids, distinguished from gases and 
solids, 53 

Lockyer, J, N. (1836-1920), English 
astronomer, 163 
Log, 77 

Longitude, celestial, 24 
determination of, 74 
galactic, 24 
geographic, 62 
heliocentric, 87 
time and, 69 

Long-period variable stars, 343 H seq, 
Lorentz, IL A., contemporary Dutch 
physicist, 171 

Lowell, P. (1855-1916), American as¬ 
tronomer, 236, 239, 240* 241, 244, 
255 

Lowell Observatory, 241 
Loxodromc, 80 
Lubber's line, 76 
Luminosity, 303 
Lunar toj>ography, 124 et seq. 

Mauler, j. II* (1791-1874), German 
astronomer, 128 
Magellanic clouds, 292 
Magnetic compass, 77 
Magnetism, solar, 171 
terrestrial, 50, 175 
Magnifying power ot telescope, 37 
Magnitude of stars, 4, 282 et seq. 
absolute, 302 
photographic, 286 
photo visual, 288 
Maria, lunar, 124 

Marius, Simon (1570-1624), German 
astronomer, 250, 350 
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Mars, 238 W seq. 

Maskklvxe, N. {1732-1811), English 
astronomer, 210 
Mass, determination of, 220 
Maury, Antonia C. dc P, P. (1866- 
), American astronomer, 277 
Maxwell, J. Clerk (1831-1879), Eng¬ 
lish physicist, 154, 254 
Mean anomaly, 394 
daily motion, 194 
distance, 194 
Mercury, 233 et seq . 

Meridian, 12, 1 a 
prime, 62 
circle, 28 

Merrill, P. W, (1887- ), Ameri¬ 

can astronomer, 335, 344 
Messier, C. (1730-1817), French as¬ 
tronomer, 350 
Meteors, 2, 56, 238 et seq. 

Meteor Crater (COon Butte), 127, 261 
Meteorites, 258, 2C1 
Meteorology, 258 

Michelson, A. A, (1852- ), Ameri¬ 

can physicist, 94, 226, 227, 307 
Micrometer, filar, 45, 327 
Milky Way, 24, 291, 298 
Miller, D* C. (1866— ), American 

physicist, 325 

Miller, J. A. (1859- ), American 

astronomer, 177 

Millikan, R. A. (1868- ), Ameri¬ 

can physicist, 154 
Minimum visibiie, 283 
Mira, 337, 344 

Mitchell, S. A. (1874- ), Ameri¬ 

can astronomer, 168 
Moment of momentum, 371 
Momentum, 203 

Montaigne, M. (1716-1785), French 
astronomer, 265 

Montanari, G. (1633-1687), Italian 
mathematician, 337 
Month, sidereal, 115 
synodic, 115 
Months, names of, 105 
Moon, 113 et seq. 
eclipses of, 137 
phases of, 119 

rotation and Jibrations of, 121 
Moore, J. H. (1878- ), American 

astronomer, 322, 342, 356 
Morlet, E. W, (1838- ), Ameri¬ 

can physicist, 226 


Mains paraUadicuSy 323 
pecuHans, 323 

Moulton, F. R. (1872- ), Ameri¬ 

can astronomer, 221, 248, 369, 372 
Moving groups of stars, 323 
Music of the spheres, 192 

Nadir, 1 r, 66 
Navigation, 74 et seq. 

Neap tide, 229 

Nebula of Andromeda, 350, 351, 366 
America, 361 
Crab,362 
Keyhole, 362 

of Orion, 350, 352, 357, 360 
Tnfid, 361 
Veil, 361 

Nebula;, dark, 359 
diffuse, 357 
distances of, 314, 365 
elliptic, 364 

extra-galactic, 363, 365 
spiral, 363 
variable, 362 

Nebular hypothesis, 369, 370 
Nebulium, 151,356 
Neptune, 249, 257 
discovery of, 225 

Newton, 5 m Isaac (1642-1727), Eng¬ 
lish philosopher, 96, 143, 202, 207, 
215* 267 

Newtonian form of reflector, 47 
Newton's laws of motion, 202 
of gravitation, 208 et seq. 

Nichols, E. F, (1869-1924), American 
physicist, 154 

Nicholson, J, W., contemporary Eng¬ 
lish astronomer, 178 
Nicholson, S« B, (1891- ), Ameri¬ 

can astronomer, 236, 244, 288, 344 
Nodes, Moon’s, 114 
of planetary orbit, 193 
regression of, 114, 223 
Nova Aquilas 1918, 340, 341, 342 
Nova Persci 1901, 340, 342 
Nova;, 337, 339 
Nucleus, of atom, 156, 310 
of comet, 258, 269 
Nutation, 108 

Objective, 35 
Objective prism, 167, 274 
Oblate spheroid, 60 
Oblique sphere, 64 
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Obliquity of ecliptic, 23 
Obscure nebula?, 359 
Oecultation of a star by the Moon, 123 
Olbhss, H. W. M. (1758-1840), Ger¬ 
man astronomer, 2 46, 266 
Oppolzer, Til von (1841-1886), Aus¬ 
trian astronomer, 142 
Opposition, 185 
Orbit, form of Earth's, 96 
elements of, 193 
Ordinate, 10 
Orion, belt of, 290 

Nebula of, 350, 352, 357, 360 
Oxygen, 53, 150, 235, 243 

Palis A, J. ( -1925), Austrian as¬ 

tronomer, 246 
Parabola* 217 
Parabolic velocity, 218 
Parallactic angle, 66 
displacement, 87, 88 
Parallax, geocentric, 14 
heliocentric, 89, 299 
secular, 323 
Parsec, 302 

Peary, R. E, (1856-1920), American 
explorer* 261 

Pease, F. G. (i88i- ), American 

astronomer, 307, 335 
PEIRESC, N. Cl. F, (1580-1637), French 
astronomer, 350 
Pendulum, 61 
Penumbra, 132, 169 
Perihelion, 99 
Peritid, sidereal, 193, 198 
synodic, I $5. 198 

Period-luminosity relation, 312, 348 
Perrine, C. D. 0 &f> 7 “ ), American 

astronomer, 342 

Perrotin, j. (1845-1904), French as¬ 
tronomer* 240 
Pcrscids, 264, 265 
Perturbations* 222, 224 
Pettit, E. (1889- ), American as¬ 

tronomer, 236, 244, 288, 344 
Phases, of the Moon, 119 
of planets, 191, 234 
Photography, celestial, 46 
of nebula;, 352 
Photometers, 286 
Photosphere, 162 
Photosynthesis, 161 
Photovisual magnitude, 288 
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Piazzi, G, (1746-1826), Sicilian astron¬ 
omer, 246 

Picard, J. (1620-1682), French astron¬ 
omer, 83, 209 

Pickering, E . 0 . (1846-1919), Ameri¬ 
can astronomer, 158, 277,279,335, 
338 

Pickering, W. H. (1858- ), Ameri¬ 

can astronomer, 129, 240, 241 
Planetesimal hypothesis, 372 
Planets, 233 el seq. 
paths of, 183 

Plaskett, H. H., con tern porary Can¬ 
adian astronomer, 280 
Pleiades, 290, 324 

POGSON, N\ {1829-1891), English as 
tronomcr, 282 

Polar caps of Mars, 240, 241 
Polaris, 3 

Polarity of sun spots, 172 et seq. 
Polarized light, 153 
Poles defined, 18 
of ecliptic, 24 
of galaxy, 24 
of rotation, 18 

Pons, J, L. (1761-1831), French as¬ 
tronomer, 265 
Position angle, 45, 327 
PolillivT, C. 8. (1791-1868), French 
physicist, 179 
Pracscpe Canon, 290 
Precession, io6 ( 223 
Pressure of radiation, 154 
Prime vertical, 12 
Prism, 32, 145, 146, 273 
Problem of two bodies, 215 
of three bodies, 221 

Proctor, R. A* (1837 1888), English 
astronomer, 269 
Prominences, solar, 141, 170 
Proper motion, 109, 316 
Proton, 156 
Proxima, 303, 306, 330 
Ptolemaic system, 187, 188 
Ptolemy, C. (i or 170), Alexandrian 
astronomer, t 282 
Pulsation theory o* . ef:hcids, 348 
Pyrheliometer, 179 

Quadrant, 13 
Quadrature, 114, 185 
Quantum, 156 

Radial velocity, 87, 160 
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Radian, 7 

Radiant of meteoric shower, 263 
Radiation, definition of, 154 
invisible, 154 
measurement of total, 288 
pressure of, 154 
Radio, 73, 75 
Radiometers, 288 
Radius vector, 99 
Rainlxw, 143 
Rays on the Moon, 125 
Red spot of Jupiter, 250 
Reflecting telescope, 46 
Reflection, law of, 32 
Refracting telescope, 35 
Refraction, atmospheric, 56 
law of, 32 

Refractive index, 32 
Regression of Moon's nodes, 114, 223 
Relativity, theory of, 225 
Repulsion of comets' tails, 154, 271 
Resolving j>ower, 38 
Reticle, 28 
Reversing layer, 168 
Revolution and rotation distinguished, 
16 

Rhumb line, 80 

Ricciou, G. R + (1598-1671), Italian 
astronomer, 124, 335 
Richer, J,, French astronomer, 61 
Right ascension, 19 
Rings of Saturn, 252 
Ritchey, G. W. (1864- ), Ameri¬ 

can astronomer and optician, 342, 
352, 362 

Roberts, L (1829-1904), English as¬ 
tronomer, 352 

Rqmer, O. (1644-1710), Danish as* 
tronomer, 92 

Rosse, Earl of (1800-1867), Irish as¬ 
tronomer, 351 

Rotation and revolution distinguished, 
16 

Rowland* H* A* (1848-1901), Ameri¬ 

can physicist, 171 

Russell, H. N. (1877- ), Ameri¬ 

can astronomer, 128, [68, 307, 308, 
334i 360 

Saha, MeGH Na n t contemporary Hindu 
physicist, 158 

Sanford, R* F. (1883- ), American 

astronomer, 362 
Saros, 135 
Satellites, 2 


Satellites, of Jupiter, 251 
of Mars, 245 
of Neptune, 257 
of Saturn, 255 
of Uranus, 255 
Saturn, 249, 252 et seq. 

Schsiner, C. (1575-1650), German as¬ 
tronomer, 175 

Schiaparelli, G, {1835-1910), Italian 
astronomer, 235, 236, 240, 265 
SC HJ| ELLER UP, H, F. C. (1827-1887), 
Danish astronomer, 278 
Schlesinger, F, (1871- ), Ameri¬ 

can astronomer, 301 
Schwa be, S, H, {i 7K9— 1 S75>» German 
astronomer, 172 

Seares, F. H. (1873- ), American 

astronomer, 276 
Seasons and climatic zones, 100 
Secchi, A, (1818-78), Italian astrono¬ 
mer, 276, 277 
Secular perturbations, 224 
Seeing, 40 

Seeliger, H. (1849- }, German as¬ 
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